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Preface

The International Congresses of Immunology have become for the science of the
immune system what Olympic Games are for sports: the performance of the best that
the different disciplines can offer, in a great friendly reunion of immunologists from all
over the world. The Gesellschaft fiir Immunologie of the Federal Republic of Germany
is grateful and proud that it was given the opportunity to be host to the international
world of immunology.

The five themes of this Congress — structure and function of recognition and effector
molecules; cell developments; effector phases; defense; and preventive and therapeutic
manipulations — deal with the traditional areas of immunological research: biochemistry,
cell biology, microbiology, and pathology. Despite the veritable explosion of knowledge
in all disciplines of immunology, a strong sense of unity in scientific effort can be felt.
Modern molecular and cellular biology and the exciting technical advances in our
capacity to clone genes and cells, to express and engineer proteins, and to transfer,
modulate, and eliminate single specific cells of the immune system have drawn basic,
clinical, and technical immunology more closely together. Medicine is encouraged that
the basic discoveries of the molecular and cellular functioning of the immune system
may be applicable to the diagnosis, treatment, and management of many diseases, such
as bacterial, parasitic, and viral infections, autoimmune diseases, immunodeficiencies,
and cancer. Basic research is beginning to understand nature’s unfortunate and often ter-
rifying experiments. The hope is strong that our ever-increasing knowledge will improve
the quality of our lives.

The proceedings, in particular the introductions to the 27 symposia, convey the impres-
sion of the maturity of this field which was felt so strongly at the congress in Berlin. They
relive the excitement of new discoveries, not least in the late additions to the symposia.
Perusing the reports in their written form helps us to absorb the enormous wealth of
experimental data, leading to concepts of the structure and function of the immune
system which provide unexpected views of the future of immunology. The aim of any
international congress of this size and scope must be to disseminate the scientific
information as rapidly and accurately as possible. Published in the same year in which
the congress took place, these proceedings will allow thousands of scientists interested
in the immune system — those who attended the Congress, and those who could not - to
“take part” in all the symposia.

We expressed our gratitude at the beginning of the Congress (see p. XXX) to all the na-
tional and international advisors who helped assemble the program. We now wish to
thank the 188 symposium speakers and 265 workshop chairpersons, who laid the basis
for the scientific success of the Congress. We appreciate the cooperative spirit and disci-



pline of more than 90 % of the symposia speakers who had their manuscripts ready at the
congress or shortly thereafter. It is remarkable that 2 weeks after the congress these
contributions are in our hands, although 36 of the 188 symposium speakers were only
chosen shortly before or even at the congress itself.

Our heartfelt thanks go to Springer-Verlag, especially to Dr. Dietrich G6tze and Ms.
Barbara Montenbruck, and to the secretary of the program committee, Ms. Leslie
Nicklin, for their extraordinary efforts to make Progress in Immunology, Volume 7,
available in 1989. They, and all of us, are rewarded with a truly historic document repre-
senting a milestone in immunological research.

August 1989 For the Editors
Fritz MELCHERS
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Frau Biirgermeisterin,
President Nossal,
Guests of honor,

Ladies and gentlemen,

It is certainly one of the most significant moments in my life to welcome you, the
international immunological community, to the city of Berlin. Today the 7th Inter-
national Congresss of Immunology is being opened. On this occasion, I extend a
very warm welcome, from the depths of my heart, to all inmunologist colleagues
who have found their way to Berlin.

Although I would like to welcome all of you individually, I cannot do so for ob-
vious reasons. I must therefore restrict my individual welcomes to a number of
guests whose presence here is either an outstanding honor for the Organizing
Committee of the Congress or a particular personal pleasure, or both. We are very
much honored by your presence, Frau Biirgermeisterin Stahmer, as representa-
tive of the Governing Mayor of the City of West Berlin under whose patronage this
congress takes place. I welcome you, Sir Gus Nossal as president of the Interna-
tional Union of Immunological Societies, which has given us the honorable task of
organizing this congress. In addition, a very warm welcome to Alain de Weck, past
president of IUIS and Jacob Natvig, vice president and president elect of TUIS. I
should like to include in this welcome all other council members and official dele-
gates, not only of IUIS but also of the European Federation of Immunological
Societies and of each national immunological society.

We have, among the members of this congress, 5 Nobel laureates as guests of
honor. These are Prof. David Baltimore, Prof. Baruj Benacerraf, Prof. Niels
Jerne, Prof. Georges Kohler, and Prof. Suzumu Tonegawa. I welcome you and I
am very happy that you accepted our invitation bo be guests of honor to this con-
gress. In recent years, Nobel prizes for physiology and medicine have been
awarded with increasing frequency to immunologists. After the award to Edelman
and Porter in 1972 it took 8 years until Benacerraf, Dausset and Snell earned it
again for immunology in 1980. Only 4 years later the prize was awarded to Jerne,
Kohler and Milstein and just 3 years later to Tonegawa. Nothing demonstrates
better the impact that immunology presently has in medicine and biomedical re-
search.

Guests of honor include further Prof. Michael Sela, former president of IUIS,
Prof. Paul Klein, honorary member of the Gesellschaft fiir Immunologie, and
Prof. Otto Westphal, and Prof. Niels Jerne honorary chairmen of this congress.
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Prof. Michael Heidelberger, 101 years of age and honorary member of the Gesell-
schaft fiir Inmunologie, was also invited as a guest of honor, but did not feel quite
up to the strain of travelling. It is my special pleasure at this moment to convey the
greetings and good wishes of this entire assembly to Dr. Heidelberger in New
York, witness to almost the entire history of immunological research.

In the preparation of the congress, which started approximately 10 years ago but
which reached a climax of activity in the last 3 years, several generations of immu-
nologists have taken part. When IUIS decided to give the 1989 Congress to the
Gesellschaft fiir Immunologie, Prof. Klaus Rother had just succeeded Prof. Otto
Westphal as Chairman of our Society. I should like to use this opportunity to firstly
thank our senior colleagues, not only for bringing this Congress to Berlin but also,
in a much broader sense, for the scientific and organizational foundations they laid
in the reestablishment of immunology in postwar Germany. Secondly, I would
like to thank my contemporary colleagues Jochen Kalden and Fritz Melchers, with
whom I shared most of the responsibility in my task. Thirdly, although I cannot
mention all the members of the various organizing and program committees by
name, these colleagues took most of the workload upon their shoulders and I
thank them sincerely for their efforts. All of these people have worked tirelessly
on the preparation of this Congress. Now the period of preparation is over, I think
that I speak in all our names when I say that the overwhelming worldwide interest
in this Congress more than compensates the burden of its preparation.

I must take this opportunity to mention gratefully the contributions of organiza-
tions, foundations and companies to the financial support of this congress, without
which many of the scientific activities as well as some of the hopefully enjoyable
social activities would not have been possible. Outstanding contributors were the
Senate of the City of West Berlin, the Deutsche Forschungsgemeinschaft, the Fed-
eral Ministry for Science and Technology, and the companies Behringwerke,
Hoffmann-LaRoche, and Sandoz AG. I cannot mention all the other contributors,
but their names are compiled in the Program booklet and I would like to express my
gratitude equally to them. Each contribution has made our life a little easier.

It has become customary on this occasion to commemorate the immunologist col-
leagues who have died since the time of the previous congress. I should like to pay
my respects to all colleagues deceased since the congress in Toronto in mentioning
the names of four eminent immunologists whose contributions to science and
whose reputation as teachers were outstanding. These are Ruggiero Ceppelini,
John Humphrey, Peter Medawar, and Jacques Oudin. Their names will be re-
membered, as will those of all other deceased friends and colleagues. The
members of the Gesellschaft fiir Inmunologie also remember with affection our
friend and Honorary Member Paul Kallos, who died in 1988.

In the phase of the preparation of the congress in which we collected the abstracts,
we were amazed to see that about 14000 immunologists have contributed well
over 5000 abstracts. Hence, judged from the number of abstracts, and perhaps
also from the number of actual participants, this may be among the biggest of the
international congresses thus far. Somehow I feel that this must have something to
do with the attraction of a place like the City of Berlin, which lies between East
and West Europe and which is thus an ideal place of contact between them. The
Organizing Committee has taken every effort to facilitate the participation of as
many colleagues from East European countries as possible, and I extend a special
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welcome to these colleagues, hoping that their participation exceeds that of pre-
vious congresses. We are living in a time in which there seems to be increasing
hope for a greater freedom of exchange between the West and the East, not only
politically and economically but perhaps also in science. The 7th International
Congress of Immunology, and the forthcoming 8th Congress in Budapest, could
become landmarks in this development.

As you will see, Berlin is an enjoyable city and has much to offer for your relaxa-
tion after the scientific work. Nevertheless, August is the time of the general
summer vacation in Germany, so that you may find the cultural program of the city
not overwhelmingly crowded. Thus, the Organizing Committee felt obliged to
offer an extensive social program highlighted by the boat party on Tuesday, the
summer night party on Thursday, and the classical music concert on Friday. I
would very much like to encourage everyone’s participation, and I very much
hope to see many of you there. I promise that it will be difficult to find equivalent
entertainment for the same price in Berlin.

I now have the privilege of declaring the 7th International Congress of Immuno-
logy open. I wish you all very fruitful and informative days as well as relaxation
and “Gemiitlichkeit” in the evenings. I thank you for your attention.

K. EICHMANN
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Professor Nossal, President of the IUIS,

Professor Kalden, President of the Gesellschaft fiir Inmunologie,
Professor Eichmann, Chairman of the Congress,

Nobel laureates,

Ladies and gentlemen,

I am happy that you have come to Berlin and happy to open your Congress. Even
for a city which has experienced as many conventions as Berlin, it is a special event
to be accepted into the impressive range of venues of the International Congress of
Immunology.

As mayor of this city and also on behalf of Governing Mayor Walter Momper, I bid
you a cordial welcome. With your Congress opening you met exactly the day
where Mr. Momper is already on vacation and I was supposed to be still on vaca-
tion. So I came back a little earlier to let this be my first official act.

Despite strong competition from other countries I understand it is no coincidence
that Berlin was chosen as the venue for this. The location of the city, at the seam
between East and West, lends itself to cross-border scientific dialogue. Against the
background of a Europe that is on the move, Berlin is an excellent meeting place
for scientists and artists, economic experts and politicians. The great number of
representatives from the countries of Eastern Europe — I welcome you with spe-
cial warmth — is proof that the choice of Berlin was right.

In this city lie the roots of immunology, which originated more than a century ago
from the discoveries of Robert Koch and his disciples Ehrlich, Behring and Kitas-
ato. The practical applications of their discoveries have since not only saved the
lives of thousands of millions of people and eradicated epidemic diseases, but have
been the basis of our present understanding of immunology. This is something of
which Berlin — and especially the Robert-Koch-Institut — can rightly be
proud.

But it cannot be passed over in this context, that immunologists at the Robert-
Koch-Institut in particular, as historical records document, participated after
1933, following the expulsion of many of the most able members of the institute, in
crimes against humanity, such as lethal human experiments with inoculation sera
in concentration camps.

Following the exodus of distinguished scientists from Germany during the Nation-
al Socialist years, the center of immunological research moved mainly to the USA
and Great Britain.

In the Federal Republic of Germany, above all in Berlin, there have been great
efforts since the 1960s to regain our traditional position in immunological re-
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search. The 7th International Congress for Inmunology will certainly strengthen
Berlin’s reputation as one of the leading research centers in the heart of Europe.
The great resonance which this event has found in Berlin shows that Berlin is on
the right path toward regaining its former prominence in science. It is in accordan-
ce with this goal that the chair of immunology, now occupied by Professor
Diamantstein, was created at the Steglitz Clinic of the Free University Berlin in
1987.

I should like to express my thanks to the organizers of this international congress,
mentioning particularly Professor Kalden, Professor Eichmann and Professor
Melchers in the name of all the others.

Ladies and gentlemen, allow me to briefly outline the principles of the Senate of
Berlin concerning the subject that brings you together here: The Senate puts at the
forefront of a social and ecological renewal of public health policy for Berlin the
striving to prevent disease, and not merely alleviate and heal it. We want to extend
preventive care against disease-causing environmental conditions such as pollut-
ants in air, water and soil. These are projects in which the achievements of
immunology can help us.

There is one particular topic from the wide range of your schedules I want to refer
to: You are going to discuss among other things, clinical immunology. To this field
belong inherited and acquired immune deficiency diseases, such as AIDS. Itis a
further objective of this Senate to close as soon as possible the gaps in AIDS
policy, particularly in the field of drugs, by new measures in the sense of protecting
the most affected groups. This means group-specific measures such as a Stop
AIDS project and low-threshold offers to drug addicts not willing to subject them-
selves to a therapy of total abstinence.

We hope that basic immunological research will show up ways of understanding
disease-causing principles, and also ways of treating and preventing these and
other chronic diseases.

I wish you successful and stimulating discussions and a richly interesting stay in our
city. I also hope that you will not be immune to the variety existing in multicultural
Berlin, that, on the contrary, you allow yourselves to be infected and succumb to
the vitality of the city.

I thank you for your attention.

1. STAHMER
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Herr Vorsitzender,

Frau Biirgermeisterin Stahmer,

meine Herren Ehrenprisidenten Jerne und Westphal,
Dr. Kalden,

Dr. Melchers,

meine Damen und Herren,

Esist fiir mich eine ganz besondere Ehre und auch eine grofe Freude, als symboli-
scher Kapitédn der 25000 Personen starken Schar der Weltimmunologen, sie hier in
Berlin herzlich willkommen zu heien. Die Immunologie bringt uns zusammen,;
aber hier in Berlin gibt es doch soviel mehr zu genieen: Kunst, Kultur, die Schon-
heit der eleganten GroBstadt, Geschichte und auch einen gewissen, hochinteres-
santen Blick in die Zukunft, auf den ich spiter noch eingehen werde.

So in welcoming you to Berlin as your President and as we begin this serious and
adventurous week, the first and also the most important thing that I have to do, in
the name of the IUIS, is to thank our German colleagues for the three years of
hard and painstaking work that have prepared the way for our deliberations. No
one could have done more to ensure that the presentations have a true internation-
al perspective, a fine balance between the many elements of our great discipline,
and a modernity which gives due emphasis to recent discoveries and to younger
workers. As an Australian — our country had the privilege of hosting the 3rd
Congress — and as an avid student of all 7 Congresses since Washington in 1971, I
know very well the immense amount of patient and self-sacrificing effort involved
in ensuring that all the pieces of the jigsaw puzzle fit together.

To the democratic co-leadership of the Congress, Professors Eichman, Kalden
and Melchers, and to all the many who worked on committees, subcommittees
and as advisors, our heartfelt thanks from IUIS.

Ladies and gentlemen, a tragic pandemic has given immunology a new promi-
nence in society, even a kind of fame. However, for those of us who have been in
world immunology for some time, it really did not require the tragedy of AIDS for
us to realize that communicable diseases, including vaccine-preventable commu-
nicable diseases, continue to take a devastating toll, particularly in the developing
countries. I want to say to this large gathering here that one of the most satisfying
things of my three years as president has been the excellence, warmth, depth and
breadth of our relations with WHO. Yes, we must make every effort to control
AIDS, of course, sincerely; but also YES we must link arms with WHO in the
struggle against other communicable diseases, the struggle to devise new and im-
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proved vaccines. Dr. Lambert of WHO has informed us of new research plans in
this field, which we must strongly support.

All of us share, I think, a huge sense of excitement about the progress of immuno-
logy. The revolutions in DNA technology, protein chemistry including structural
analysis, and cell biology have given us depths of understanding not dreamt of
even a decade ago. So it is with a huge sense of confidence and adventure that we
begin our week at the 7th Congress.

We are meeting here in Berlin, the city, as others have said, of heroic figures in the
history of our discipline. (I warmly recommend to you the historical display on
ground level.) Isit not also the case that we approach political life with a new sense
of hope and adventure when we are here in Berlin? Some of the developments in
superpower relationships, in the arms race, in the rhetoric governing discourse
between nations, have recently taken a truly revolutionary turn. And, somehow,
the new Berlin, a crucible of social change, symbolizes so much of what is in the
air. There is history in the making at this meeting point of east and west; a sense of
exhilaration about the possibility of a peaceful future that I have not experienced
in my adult life, lived totally in the nuclear age.

As immunologists, we can do so much to promote and accelerate goodwill among
nations. As IUIS, we have a long tradition of breaking down national barriers,
finding our collaborations where the scientific impulse demands; finding our
friendships where shared intellectual concerns bring us together. We have our own
particular brand of glasnost that we can practice with vigor and optimism, here in
Berlin and beyond.

Meine Damen und Herren, nach diesem Kongress verlasse ich meinen Posten als
Prasident der Internationalen Vereinigung der Immunologischen Gesellschaften.
Ich kann Thnen tatsdchlich versichern, daB sich die Immunologie in einem brillant
guten Zustand befindet. Meine “State of the Union” message ist vollkommen
positiv.

In closing, I want to thank the many colleagues who have made my three years as
President so happy and, I believe, productive: my fellow officers of the Council;
all the Council members; the Chairpersons of the many hard-working Commit-
tees; the Assembly; the whole wide family of the IUIS. This afternoon, we elected
Dr. Jacob Natvig of Norway to succeed me as President of the Union immediately
at the conclusion of the Congress. His dynamic personality, dedication, energy
and true internationalism will ensure that the Union is led with distinction, and my
congratulations and very good wishes go with him.

Thank you.

G.J. V. NossaL
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Frau Biirgermeisterin,
Sir Gustav,

Nobel laureates,
Ladies and gentlemen,

Dear friends,

As President of the Gesellschaft fiir Inmunologie, I would like to extend a warm
welcome to all of you who have come to the 7th International Congress of Immu-
nology in the City of Berlin.

Over the last century, this City has experienced very different times, good ones as
well as bad ones, and its eventful history reflects — at least in certain aspects — the
situation of immunology in Germany over the last 8 — 9 decades.

Among the different activities during this congress, an exhibition has been orga-
nized which is called Berlin — Roots of Immunology. It highlights major scientific
contributions which originated from this city at the turn of the century. They are
connected with names such as von Behring and Kitasato, Koch, Ehrlich and von
Virchow. However, when we display in an exhibition major achievements of im-
munology in Germany from earlier in this century, it does not mean that we, the
Society for Immunology, do not remember that those early flourishing times of
immunology came to an abrupt end in 1933 when about 500 medical professors
had to leave this country. They represented almost half of all the professors teach-
ing at German universities at that time, and included quite a number of famous
immunologists. You might forgive me if I just mention, as pars pro totum, Ernest
Witebsky.

After the Second World War, the emerging science of immunology at the univer-
sities of the Federal Republic was substantially and overwhelmingly supported by
all the major countries doing research in immunology, offering and providing
training facilities for young German scientists. I hope you will forgive me for not
naming all the famous institutions in the different countries which provided assis-
tance and with which — in many cases — scientific exchange still exists.

I myself, as one of many who were trained in immunology abroad, and the Society
for Immunology are deeply grateful for this help in reestablishing immunology
research in the Federal Republic of Germany, and without any doubt this support
helped to found the Gesellschaft fiir Immunologie in 1967, which — I believe — is
quite a young Society for Immunology, although two years older than IUIS.
The present activities and contributions to Immunology from our Society are sum-
marized in the August issue of Immunology Today, including a special section on
immunology in the Federal Republic of Germany, published on the occasion of
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this Congress. The scientific contents of that journal correctly reflect — in my
opinion — the immunological activities which are being pursued in the Federal
Republic of Germany. However, although German immunologists too know that
eagles have an immune system, I would have preferred to see the cover and logo
for this special issue similar to the poster designed by Jean Tinguely for this con-
gress, which in my opinion, expresses in a fantastic way the ever-moving immune
system, and which much better reflects the feelings, “die Stimmung”, of the mem-
bers of the Society.

By now, the “Gesellschaft fiir Immunologie” has roughly 1000 members, and
more than half of them are in their early thirties and enthusiastically involved in
immunology research. However, with regard to the institutionalization of depart-
ments in basic as well as clinical immunology at German universities there is still a
deficit, so a lot of work still has to be done. Perhaps this 7th International Congress
of Immunology will help to further improve the situation.

The “Gesellschaft fiir Inmunologie” is proud that it has been entrusted by the
IUIS to organize the 7th International Congress of Immunology. Since organiza-
tion means people, I would like to thank Klaus Eichmann and Fritz Melchers who
took over the task of organizing this Congress as Chairman of the Organizing
Committee and Chairman of the Scientific Program respectively. Furthermore, I
would like to thank all the members of our Society who have been actively in-
volved in the organization helping us to make this 7th International Congress of
Immunology a success.

The Society for Immunology and I hope that all of you are not only going to
experience a week full of exciting scientific information and exchange, but that
you will also find time and opportunity to see and explore the uniqueness of Ber-
lin’s life by day and maybe also by night, if time permits.

Let me finish with a personal wish: I do hope that the young members of our
Society as well as doctoral and postdoctoral fellows attending this Congress will
take the opportunity of establishing fruitful relations with scientists from all the
different countries who are here in Berlin, in order to exchange ideas and to dis-
cuss possible cooperation projects. This, hopefully, would result in a continuing
exchange of scientists, helping us to further develop immunology in this country in
the same international way as has been the case in the past.

J.R. KALDEN
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Frau Biirgermeisterin Stahmer,

Sir Gustav Nossal,

Honorary Chairmen Niels Kaj Jerne and Otto Westphal,
Guests of honor,

Friends and colleagues,

More than three years ago, when the Gesellschaft fiir Inmunologie set up a Pro-
gram Committee for the 7th International Congress of Immunology, one of the
first decisions taken was to organize a scientific program which would combine
topics of basic, clinical and industrial immunology — all under one roof. This was
decided because it was felt that the often divergent interests of these fields of
immunology are clearly in need of each other. None of them can prosper without
knowing the progress of the others.

In your program book you will find the three years of our efforts summarized in 27
symposia and 130 workshops. We hope that they will cover the most important
issues of immunology today, and we hope that you will find this program interest-
ing, stimulating, informative, exciting and rewarding.

At8.30in the morning and at 2.00 in the afternoon no other scientific activities are
scheduled than the 30-minute long introductions given by the chairpersons of 27
fields of immunology covered by the symposia. We hope that these half-hour in-
troductions will serve as overviews of recent exciting discoveries and of current
problems, and will give the nonspecialist a chance to learn where a given field of
immunology stands — and in which direction it is moving.

It has often been regretted that symposia of large international congresses must be
planned so far in advance that the latest news is most often omitted, or is not
publicized widely enough. We have therefore reserved at least one half hour of
each symposium for such latest news, chosen at the last minute by the chairper-
sons. You can find these late additions on display at the entrance of the congress
center, and in the symposia halls. We hope that this gives recent exciting discover-
ies a chance to be presented to a wider audience, and will heighten the curiosity for
what is really new. I would like to thank all the symposia chairpersons for these
additional efforts to make the congress scientifically even more lively.

The programs of the workshops, and the styles in which they are to be held, have
been planned entirely and only by the chairpersons. In fact, the chairpersons were
encouraged to solicit contributions. This, we hope, will give life and excitement to
the workshops — and I thank all the chairpersons for their efforts.

All participants who so wished were given the opportunity to present a poster. As
aresult, over 4300 postc s will be presented in the one week of the congress, and
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this requires skilful and devoted planning. I would like to thank Angelika Reske-
Kunz and Reinhard Burger for their enormous organizational efforts.

It takes the cooperation and attention of all the poster presenters to make this part
of the congress a success. Imagine that every morning and every noon, 400 to 600
posters will have to be mounted, and at the same time an equal number will have to
be removed! I urge all poster presenters to follow the instructions in the program
very carefully indeed.

At lunchtime, four respected immunologists will talk about their scientific and
personal recollections of important milestones in the discovery of the immune
system, and the four national societies of the USSR, China, Hungary and Brazil
will introduce you to their interests and efforts to conduct immunological research
in their countries.

Now that the congress is ready to begin, I wish to thank those who helped to
assemble the scientific program of 27 symposia, 130 workshops, 4300 posters and
5140 abstracts, submitted by over 14000 authors.

First, I would like to thank the 17 subcommittee chairpersons, the over 100 nation-
al, and the over 250 international advisors for their suggestions and criticisms.
Then I wish to thank Boehringer-Mannheim and the Deutsche Forschungsge-
meinschaft for their financial support of the planning meeting at Schloss Elmau,
and Hoffmann-La Roche for their support of the Basel Institute for Inmunology
which housed the scientific secretariat.

I want to thank the staff of the secretariat for their devoted efforts. More than
anyone else I would like to thank Leslie Nicklin, secretary of the program commit-
tee, for the three years of her life which she devoted to this congress — and I do so
from the bottom of my heart. She kept order in the correspondence with over 350
advisors and over 500 chairpersons and speakers. She ordered and edited the pro-
gram, received and ordered the abstracts, and assembled the authors’ index. She
was always in command of the situation, and stayed calm, helpful and friendly. It is
very simple: she deserves a big hand of applause from all of us.

Let me also thank two people who are not scientists. Anne-Sophie Mutter and
Jean Tinguely, two outstanding artists of our times, are giving their precious time
and their unique talents to our congress. Jean Tinguely has created our congress
poster, and Anne-Sophie Mutter will play Dvorédk’s Violin Concerto on Friday
night. Finally, I would like to thank the Gesellschaft fiir Inmunologie and all its
members, particularly my two friends and colleagues Klaus Eichmann and Jochen
Kalden, for entrusting me with the organization of the scientific program of this
congress, held in the city where I was born. I have felt the fun and excitement of
discovering new areas of immunology and the frustration that all of the areas of
immunological research had more talented scientists than could be considered to
participate as chairpersons and speakers.

And I would like to thank the many immunologists who chose to attend this con-
gress, and thereby to reward us as organizers by making this one of the most
popular international congresses of our field held so far.

The immune system protects us from the hostile environment which is full of in-
fectious diseases. A hundred years ago Koch, Behring and Ehrlich, in this town,
were already fascinated by the idea that we could understand the structure and
function of our immune system so well that we could protect ourselves against this
hostile environment even better than we do naturally. One hundred years have
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brought tremendous advancement of our knowledge of the immune system, and
with it the realization that it sometimes does not function properly, and that it
sometimes attacks what it should not attack: our own body. We still need much
more basic knowledge of the system, and we need to apply this knowledge: to get
better protection, to fight autoimmune disease, and to strengthen against immu-
nodeficiencies. I hope that this congress will publish new knowledge, air new
views, discuss new strategies, and start new cooperations between scientists all
over the world with the aim of achieving these goals. Welcome to Berlin.

This is the moment for which we have been waiting for three years. We now light
the immunological flame with talks by the two Honorary Chairmen of the Con-
gress.

F. MELCHERS
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The first Honorary Chairman who is going to speak to you is Niels Kaj Jerne. He was born in
1911 in London. He became a research worker at the Danish State Serum Institute in 1943 and
stayed there until 1954. After a year as a research fellow at the California Institute for Techno-
logy, he became the head of the Section of Biological Standards and Immunology at the World
Health Organisation from 1956 —1962, and was a Professor of Biophysics at the University of
Geneva at the same time. He then became Professor of Microbiology at the Medical School of
the University of Pittsburgh, and from there went to Frankfurt as a Professor of Experimental
Therapy at the Johann Wolfgang Goethe University and Director of the Paul Ehrlich Institute.
In 1969 he moved to Basel to become the first director of the Basel Institute for Immunology.
He now is Emeritus Member and Honorary Chairman of the International Board of Scientific
Advisors of that Institute. It gives me the greatest of pleasure, as his successor in the director-
ship of the Institute, to introduce him and now ask him to deliver his lecture.

The discovery of antibodies here in Berlin 99 years ago created a wave of enthu-
siasm in the medical profession, with the hope that antibodies in the serum of
immunized animals would provide powerful therapeutic agents against infectious
diseases. Serum institutes were established in many countries, and many students
of medicine, biology, and chemistry decided to devote their talents to research in
immunology.

When I joined the Danish State Serum Institute half a century later, in the 1940s, a
large spectrum of phenomena related to antibody formation and to antibody-
antigen reactions had been described, and antibodies were still the main, if not the
only, element on which all immunological research was focussed. Phenomena
which did not involve antibodies were thought not to belong to immunology.
Thus, what now may seem curious, one of the best textbooks on fundamental
immunology, by William Boyd, in its second edition of 1947, does not even men-
tion transplantation, because the rejection of transplants did not seem to involve
antibodies, and therefore was not thought to be an immunological phenome-
non.

One may ask why, in the first part of this century, so little effort was made to find
the type of cells that produce antibodies. I think this was a side effect of Paul
Ehrlich’s side-chain theory of antibody formation. Since all cells of the body, ac-
cording to Paul Ehrlich, would display side-chains for catching food molecules for
the cell, this implied that all cells were capable of antibody formation, and that it
would be useless to look for a particular cell type. The side-chains were molecules
that were physiologically engaged in the nourishment of all cells, and that func-
tioned only secondarily as antibodies.

This double function avoided the wastefulness of the later selective theories of
antibody formation, which imply that the immune system makes millions of differ-
ent antibodies, most of which will never be called upon to function. I think it was
this apparent wastefulness that made it hard for the later selective theories to gain
acceptance.

In the 1940s, protein chemistry was still in its infancy. It had been shown that
antibodies belong to the serum globulins, and mainly to a fraction named y-globu-
lin. It was not proposed, however, that all y-globulins are antibodies.
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On the contrary, even in the 1950s, globulin, like albumin, was looked upon as a
class of identical molecules which were normal constituents of the blood. Antibod-
ies, as well as myeloma proteins, were regarded to be “modified” y-globulins. The
later selective theories of antibody formation suggested that in fact all y-globulins
are antibodies. This then led to the change of their name to “immunoglobu-
lins”.

As an old-timer, I myself still have a particular weakness for antibodies. In spite of
the tremendous advances that have been made during the last two decades, I still
consider that one of the most striking facts of the immune system is the presence in
every ml of our blood of several milligrams of immunoglobulin, which is more than
10 antibody molecules. Even with a repertoire of, say, ten million different spe-
cificities, there will be, on the average, 10° antibodies of every specificity present
in every ml of blood, ready to attach to an arriving antigen particle.

For the system as a whole to remain stable and functional, all the millions of dif-
ferent antibody specificities must continuously be produced, the vast majority in
the absence of corresponding foreign antigens. This is not possible unless the an-
tibodies themselves are the antigens that, by their idiotypic epitopes, stimulate the
lymphocytes and endow the system with a diversity that strives to retain its identi-
ty. This also removes the stigma of wastefulness, because every antibody
molecule, even if it never encounters a fitting foreign antigen, will be engaged in
this selective stimulatory process.

Belonging to an earlier generation than most of you, and speaking to this congress
of several thousand immunologists here in 1989, I am struck not only by the enor-
mous increase in the number of scientists now studying this field, but also, looking
through the scientific program, by the great diversity of subjects that will be dis-
cussed in the coming week.

In spite of this great variety of subjects, we have come together here in Berlin
because of the overriding concept that all these subjects belong to one science:
immunology. All discussions will reflect our common effort of describing the im-
mune system, the way it develops and functions, and the ways it might be made to
yield further medical advances. I hope that everyone of you will endeavor not to
become a specialist in only one branch of the immune system, perhaps because of
your particular competence in certain methods or techniques, but that you will all
remain aware of the entire field of immunology that unites us all.

N.K. JERNE
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I now would like to introduce the second Honorary Chairman of our congress, Otto Westphal.
He was born in 1913 here in Berlin. He later moved to the south of Germany and obtained a
D. Sc. from the University of Heidelberg in 1938 with a thesis on blood group substances, done
in the laboratory of Professor Freudenberg. In 1942 he became a lecturer at the University of
Gottingen. In 1946 he became the director of the Wander Research Institute in Sdckingen near
Basle, which moved to Freiburg i.Br. in 1958. In 1962 the Wander Institute was transformed
into the Max Planck Institut fiir Immunbiologie, and Otto Westphal its first director. Since
1984 he has been an Emeritus Member of the Max Planck Gesellschaft. Otto Westphal was
instrumental in founding the Gesellschaft fiir Inmunologie and became its first presidot. He
thereby influenced the development of immunology in postwar Germany in a very decisive
way. I am sure that I speak in the name of all members of the Gesellschaft when I express
happiness and satisfaction that Otto Westphal has agreed to be one of the two Honorary Chair-
men of the Congress, and to deliver an opening lecture.

Immunology and the “Belle Epoche” in Berlin

Adding Some Personal Memories

Ladies and gentlemen,

May Iinvite you to go back in history and pay a visit to Berlin about 100 years ago?
You arrive by train at the central station, FriedrichstraBe (Fig. 1), and you may
have made a reservation at one of the elegant hotels, such as the “Grand Hotel”
(Fig. 2). You spend the night and enjoy a good breakfast, costing together not
much more than 2 Reichsmark. Then you call for a horse carriage (Fig. 3) and ask
the coachman to take you on a round trip with stops at the famous institutes and,
maybe by chance, meet one or other of the great scientists now working in Berlin.
Almost every coachman — be it in Berlin or in Paris — knew the places and names
of the great professors, and they knew the jokes that made them popular. At the
end of the nineteenth century the general attitude towards science and research
had a very optimistic undertone. Everybody was convinced that science would
lead to better health and more comfortable life. People were all for science.
Louis Pasteur (1822—1895; Fig. 4) had recently expressed that general feelingin a
presentation before the Academie Francaise: ...“Consider the consecrated
places which are named by that meaningful word, Laboratory. They are the tem-
ples of the future, of prosperity and growth. It is there that humanity will become
greater, stronger and better. There man learns to read the works of nature, works
of genuine progress and universal harmony.”

Your coachman drives you down the main street, Unter den Linden (Fig. 5), pass-
ing the University (Fig. 6), and further to the complex of university hospitals, the
Charité (Fig. 7), with many attached institutes. Here you might meet Professor
Rudolf Virchow (1821—1902; Fig. 8), the famous pathologist (Fig. 9), now alrea-
dy aged, the founder of cellular pathology, scientifically and socially a great
authority and very active also in political life.

You are driven further to the Institute of Physiology and there you might bump
into Professor Emil du Bois-Reymond (1818 —1896; Fig. 10), the founder of elec-
trophysiology and neurophysiology, since thirty years a brillant teacher who
mastered also physics and even history and philosophy. It was du Bois-Reymond
who presided over the memorable session of the Berlin Physiological Society on
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Fig.2 Grand Hotel Announcement

Fig.1 Aurrival at the central station,
Friedrichstrasse

Fig.3 Horse carriage Fig.4 Louis Pasteur
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Fig.5 Unter den Linden

Fig.6 University main building

Fig.7 Charité, general view
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Fig.8 Rudolf Virchow

Fig.10 Emil du
Bois-Reymond

Fig.12 Robert Koch
(around 1882)
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Fig.9 Virchow following operation

Fig.11 Library of the Institute of Hygiene

Fig.13 Paul Ehrlich
(around 1882)



the 24th March 1882 in the library of the Institute of Hygiene (Fig. 11) in which
Robert Koch (1843 —1910; Fig. 12) presented the discovery ot the tubercle bacil-
lus. Koch’s talk and demonstrations stimulated great excitement and also critical
discussions with Virchow, the pathologist. Amongst those attending was the 28-
year-old Dr. Paul Ehrlich (1854 —1916; Fig. 13), at that time assistant at the Me-
dical Clinic of the Charité. From Ehrlich we know that after the session he went
back into his small laboratory to work out a staining of tubercle bacilli in sputum,
based on their acid-fastness which Ehrlich discovered. His technique proved to be
superior to the one presented by Koch — very much to Koch’s satisfaction.

We go on to the Surgical Clinic of the University headed, since 1882, by Professor
Ernst Bergmann (1836—1907; Fig. 14). He was not only an excellent operator
(Fig. 15) who developed brain surgery, but also very interested in putrid wound
infections. He extensively studied septic processes and he described pharmacolog-
ically highly active (and rather toxic) material, which he called Sepsin, isolated
from inflammatory exudates. (He might have already dealt with impure cytokine
mixtures.) Bergmann was the first in Germany to recognize the significance of
Joseph Lister’s (1827—1912; Fig. 16) antiseptic operations, published in 1866/67.
Bergmann went further, and until 1892 he formulated the principles of aseptic
surgery. He introduced the steam sterilization of surgical and other equipment,
and Virchow supporting him — with his enormous energy and political engage-
ment — strongly furthered the modernization of general hygiene, also in the
township of Berlin.

Our coachman now drives us to the Institute for Infectious Diseases (Fig. 17),
near the Charité, the so-called Triangel. It was here where Robert Koch and his
pupils worked. The building had been reconstructed according to his plans — with
research laboratories and rooms for microbiological courses for many students.
Many excellent young men would you meet in Koch’s Triangel! It was just at that
time, around 1890, when Dr. Emil Behring (1854 —1917; Fig. 18) and Dr. Shibas-
aburo Kitasato (1852—1931; Fig. 19) from Tokyo discovered tetanus and
diphtheria antitoxins in the sera of toxin-treated animals.

By coincidence, bacterial toxins — later called exotoxins — had just been de-
scribed by Emil Roux (1853—1933) and Alexandre E. Yersin (1863—1943;
Fig. 20) at the Pasteur Institute. Both Behring and Kitasato cooperated with Paul
Ehrlich who, after having left the Charité, joined Koch’s Institute. Here he
worked on quantitative aspects of antitoxin production during immunization, and
it was Ehrlich who told his colleagues how to produce high-titered antisera. They
all had their share in the introduction of serum therapy after 1890, especially Beh-
ring who started the treatment of diphtheria in children — as a first beautiful
demonstration of a humoral immune reaction in human therapy.

Behring also recognized early the significance of the role of phagocytes and pha-
gocytosis which had been described by Elie Metchnikoff (1845—1916; Fig. 21),
working since 1888 at the Pasteur Institute in Paris. Between Behring and Metch-
nikoff there developed a close friendship, documented by many handwritten
letters. Behring made Metchnikoff a godfather of one of his sons.

Everybody knew that Geheimrat Koch was intensely occupied by his work on
tuberculosis (Fig. 22) — long one of the greatest hazards to human health. Every-
body looked to Koch, who had just described tuberculin, which he proposed as a
possible agent against tuberculosis. On January 14, 1891, the Berlin Medical So-
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Fig.14 Ernst Bergmann Fig.15 Bergmann operating (1906)

Fig.16 Joseph Lister Fig. 17 Institute for Infectious Diseases (Triangel)

Fig.19 Shibasaburo Kitasato Fig.18 Emil Behring in the laboratory
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Fig.20 Emil Roux and Alexandre Yersin

Fig.21 Elie Metchnikoff

Fig.22 Robert Koch in his
laboratory

Fig.23 Virchow with
magnifying glass



Fig.24 Virchow in big lecture hall

Fig.25 August Wilhelm
Hofmann (28 years old)

Fig.26 Formulas of some
aniline dyes

Fig.27 A.W. von Hofmann
(ca. 50 years old)
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ciety under Bergmann’s chairmanship had a meeting where almost all those at-
tending shared the optimism about the potential role of tuberculin. As is known,
this optimism faded within the next years. At that session, only Virchow (Fig. 23)
showed a critical attitude. In the discussion (Fig. 24) he carefully described the
local tuberculin reaction. For the first time, he spoke of “focal reactions”; and he
said... “Already by superficial inspection, the action of Koch’s tuberculin on the
affected tissue is mainly of irritative nature, insofar as acute local irritations are
being initiated with very strong swelling” ...It was a classical example of a local
cellular immune reaction!

But our coachman insists on paying a visit to the Chemical Institute. Director of
the institute was August Wilhelm von Hofmann (1818 —1892). Originally a pupil
of Justus von Liebig (1803—1873), he had been invited at the age of 27 (Fig. 25),
by the British Royal family, to move to England, where he became director of the
Royal College of Chemistry in London. He remained there for an extremely fruit-
ful 20 years before he finally moved back to Berlin. One of his pupils, William
Henry Perkin (1839 —1907), at the age of 18 years, discovered by chance the first
aniline dye (Fig. 26)!

Hofmann was a great expert in the chemistry of tar products, and thus of aniline
and its derivatives. He and Perkin, the two became pacemakers of synthetic dye-
stuff chemistry and technology. After his return to Berlin, Hofmann (Fig. 27)
gave a popular lecture before a distinguished audience under the title “Organic
Chemistry and the Teaching of Medicinals”. He said that for the logic develop-
ment of medicinals we may witness changes similar to the so impressive ones in the
field of dyestuffs. And Hofmann gave an illuminating example: ... “Take carmoi-
sin which can be derived from rosaniline; add one methyl group and the splendid
red changes into the richest violet. With the introduction of a second and a third
methyl group the red-violet changes into blue-violet and finally into blue. Another
two more methyl groups, and we arrive at a beautiful green! When used for the
dying of clothes, these colours have gained the greatest enjoyment of our hand-
some ladies”... Hofmann anticipated the development of pharmaceutical
industries, and it is no wonder that the dyestuffs and pharmaceutical industries
have since often developed hand in hand. In Germany, think of Farbenfabriken
Bayer, Farbwerke Hoechst, or the Badische Anilin- und Sodafabrik (BASF).
Special dyes had specific dyeing properties with different materials, like wool, silk
or linen. It was Carl Weigert (1845—1904), an elder cousin of Paul Ehrlich, assis-
tant pathologist at Breslau University, who first systematically tried many of the
new aniline dyes for the staining of histological material. Already as a schoolboy,
Ehrlich spent much time during the holidays with Weigert in his laboratory
(Fig. 28). Weigert’s influence on Ehrlich became crucial. Based on these early
experiences, Ehrlich discovered the remarkably selective affinity of certain dyes
for certain cell types. He, thus, became the founder of modern blood cell teaching.
As you know, he early discovered the mast cells by staining their granules, and
soon afterwards the eosinophils; with neutral red he selectively stained the neutro-
phil granulocytes, and he differentiated between granulocytes and lymphocytes.
Think of his introduction, in his thesis already, of vital staining, for example the
methylene-blue staining of nerve fibers, and the related studies on redox systems
using redox dyes!

Now, here in Berlin, the aged von Hofmann (Fig. 29) and the young Paul Ehrlich
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Fig.28 Carl Weigert and Paul Ehrlich (around 1870)

Fig.29 A.W.von Hofmann Fig.30 P. Ehrlich
(72 years old) (around 1892)

Fig.31 Emil Fischer Fig.32 Chemical Institute Hessische Strasse

XLIV



Fig.33 J.H. Van’t Hoff Fig.34 Max Planck

(around 1892)
Fig.35 Tetraeder model of Fig.36 Svante Arrhenius and
carbon-atom Paul Ehrlich (around 1905)

Fig.37 Nobel laureates 1901



Fig.38 Painting of Nobel ceremony 1901

Fig.39 Oswald Avery
(around 1945)

Fig.41 Stereo Structure of
1gG (Huber, Nobel prize
Fig.40 Michael Heidelberger (1917 — 1954 — 1988) 1988)
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(Fig. 30) were geographically and spiritually very near to each other. We do not
know when and where they might have met personally.

Hofmann died in 1892, and another genius, Emil Fischer (1852—1919; Fig. 31),
almost of the same age as Ehrlich and Behring, entered the newly created big
institute of chemistry (Fig. 32), near the Charité. Greatly influenced by Pasteur,
Fischer was just engaged in a systematic study of the chemical specificity of en-
zyme reactions in the field of isomeric sugars, glycosides and oligosaccharides as
substrates — many of which he had synthesized. It was Fischer who, in a lecture
given before the Berlin Chemical Society, coined the since oft-quoted metaphor
“that enzyme and substrate must structurally fit like the keyhole and its key ... . in
order to be optimally reactive”. .. “and this leads us”, he continued, “into stereo-
chemical research after the phenomenon of enzyme action is now shifting from the
biological to the purely chemical field. Stereochemistry allows an extension of the
theory of asymmetry”.

Under Fischer’s influence the same ideas grew in Paul Ehrlich’s mind for the struc-
tural relation between toxin and antitoxin, or generally between antigen and
antibody.

Emil Fischer soon urged his colleagues to invite the greatest scientist in theoretical
stereochemistry to join the Berlin Faculty: the Dutchman Jacobus Henricus Van’t
Hoff (1852—1911; Fig. 33), exactly of Fischer’s age, then professor in Amster-
dam. The faculty in Berlin sent its dean, the young physicist Max Planck
(1858—1947; Fig. 34). Van’t Hoff, already at the age of 22, had published a short
pamphlet about the extension of the then used structural formulas in organic
chemistry into tridimensional space. In 1874, he wrote his famous article entitled
“The Position of Atoms in Space”. Van’t Hoff — and independently Joseph
Achille Le Bel (1847—1930) in France — for the first time clearly proposed the
Tetraeder model (Fig. 35) of the carbon atom. It was the birth of stereochemistry,
the basis of all future organic chemistry in theory and practice.

Under Max Planck’s and Fischer’s influence, the Berlin Academy of Sciences ap-
pointed Van’t Hoff as a honorary professor, an unique procedure at that time.
Finally accepting the call to Berlin in 1896, Van’t Hoff quoted Faraday, who once
had said to his young friend Tyndall: “Regular personal meetings of scientists, of
which I think very highly, advance science chiefly by bringing scientific men to-
gether and making them known and to be friends with each other”. These were,
indeed, the atmospheric conditions offered by the scientific Berlin around the late
19th century. Here many great scientists were now united. It was, indeed, a “Belle
Epoche”, not only in the arts (from which the expression is borrowed), but also in
science!

Ehrlich developed great enthusiasm for Van’t Hoff’s stereochemical visions. Once
he told a friend that benzene rings, or dyes, and all kinds of organic molecules,
floated to and fro before his spiritual eye as sterical formulas. He called it his sense
for the “plastic” in chemistry. — With the new trends in organic chemistry, immu-
nology slowly changed into a branch of science, and all further developments can
be looked at as logic and historically compelling. In Sweden, Svante Arrhenius
(1859—1927; Fig. 36), the founder of modern physico-chemistry, well known for
the theory of solutions, introduced the term “immunochemistry” in 1904. He for-
mulated immune reactions as chemical equilibria and started systematic
investigations into the conditions of the static adaptation of antigen and antibody
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Fig.42 Horse carriage waiting for us

Fig.43 Unter den Linden

Fig.44 Opera hall
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Fig.45 A ladies box in the Opera

Fig.46 Sunday in Berlin at the Halensee bridge

Fig.47 Early suburb Tramway in Berlin
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Fig.49 Max Planck at piano
(in the 1940s)

Fig.50 Einstein around 1913



and the involved chemical forces. He had vigorous discussions with Ehrlich, and
both agreed in rejecting the application of “colloid chemistry” to specific immune
phenomena.

When the first Nobel prizes were awarded in 1901 (Fig. 37), two of our heroes
from Berlin made their trip to Stockholm: Emil Behring for medicine, Van’t Hoff
for chemistry, together with Wilhelm Roentgen for physics, for his discovery of
X-rays. The ceremony at the Royal Academy of Music in Stockholm was immor-
talized by a picture showing Roentgen receiving the prize, with Behring and Van’t
Hoff in the background (Fig. 38). One year later, in 1902, Emil Fischer followed in
chemistry; in 1903 it was Arrhenius. Robert Koch was honored for medicine in
1905, Paul Ehrlich together with Metchnikoff in 1908.

Emil Fischer received the Nobel prize for his fundamental work on carbohydrates
and purines. Later he also went into the field of aminoacid and proteins; he was
the first to synthesize polypeptides. Although the concept of macromolecules
came up only much later, Fischer found one principle realized again and again in
nature, namely the formation of polymers from monomers by characteristic types
of linkages: from sugars to oligo- and polysaccharides, from amino acids to poly-
peptides and proteins, and from purines and pyrimidines to polynucleotides and
nucleic acids. With regard to the latter, he gave a lecture in Berlin (1914) from
which I can’t resist quoting the following: ... “With the synthetic approaches to
this group (of purines and pyrimidines) we are now able to obtain numerous com-
pounds that resemble, more or less, natural nucleic acids. How will they affect
various living organisms? Will they be rejected or metabolised or will they partici-
pate in the construction of the cell nucleus? Only the experiment will give us the
answer. I am bold enough to hope that, given the right conditions, the latter may
happen and that artificial nucleic acids may be assimilated without degradation of
the molecule. Such incorporation should lead to profound changes of the organ-
ism, resembling perhaps permanent changes or mutations as they have been
observed before in nature” ...

Thirty years later, Oswald Avery (1877—1955; Fig. 39) in New York found DNA
as the type-transforming principle of pneumococcal types, and another ten years
later Watson and Crick, and also Lederberg, substantiated Emil Fischer’s vi-
sion!

Van’t Hoff in 1906 visited his fellow Nobel laureate Behring in Marburg, where he
had built up his serum factory (today the Behringwerke, Germany’s biggest and
most prominent serum and vaccine manufacturer). Both scientists agreed about
the necessity of getting away from antibody titers and serum dilutions to chemical-
ly defined entities and their quantitative chemical estimation. As is known, it took
some 30 years more — and the life’s work of other heroes, around Oswald Avery
at the Rockefeller Institute in New York — until Michael Heidelberger (born
1888; Fig. 40) characterized antibodies as gamma-globulins. Heidelberger liked to
stress: “We must overcome the tyranny of titers”, and he did so. Think how the
stereochemistry of IgG has evolved during the last 50 years (Fig. 41)! — In 1988
Michael Heidelberger celebrated his 100th birthday in the best spiritual and phys-
ical health. The whole big family of immunologists is thinking of Michael with
admiration and great affection.

Our coachman with the horse carriage is still waiting for us (Fig. 42) near the
chemical institute. After our long day in old Berlin, we end up our round trip
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Fig.51 August Wassermann Fig.52 Publication of the Wassermann reaction

Fig.53 Inauguration of the Kaiser-Wilhelm-Institut fiir
Experimentelle Therapie in 1913

Fig.54 Rockefeller Institute, New York, in the 1920s Fig.55 Karl Landsteiner
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Fig.57 Karl Freudenberg

Fig.56 Title in the Journal of Experimental
Medicine (1929)

Fig.58 Hans Sachs

18+ Members of Avery's department about 1932. Left 10 right: seated,
Thomas Francis, Jr.. Avery, Walther ¥, Goebel: standing, Edward
E. Terrell, Kenneth Goodner, René J, Dubos, Frank . Babers.

Fig.59 Oswald Avery with Walther Goebel and

other coworkers, photographed in the

early 1930s
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Fig.60 Title in the Journal of Experimental Fig.61 Formula of the cellobiuronic

Medicine (1938) acid determinant (middle)
Fig. 62 Walther Goebel in Fig.63 Walter Morgan Fig.64 Blood types A, B,
the 1950s photographed 1968 O(H) structures
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knowing that there would be more places and more excellent scientists worth vi-
siting. We pay less than 2 Reichsmark for the whole day and say good-bye to the
friendly coachman who has brought us back along the main street, Unter den
Linden (Fig. 43), to our hotel. There they had been able to reserve tickets for that
evening in the opera (Figs. 44, 45). On the next day, the first of a weekend, we
may walk through Berlin doing some sight-seeing, or take one of the new tram-
ways to the suburbs (Figs. 46, 47).

Ladies and gentlemen, the First World War, 1914—18, brought a great interrup-
tion and change of German and European life. The Belle Epoche was certainly
over. However, already before the war, physics in Berlin developed to a high
level, with men like Max Planck, Albert Einstein, Max von Laue, Walter Nernst,
James Franck and Gustav Hertz, and, in physico-chemistry, Fritz Haber — all
sooner or later honored with Nobel prizes. My father, Wilhelm Westphal
(1882—1978), was a member of the faculty to which these famous physicists be-
longed. Many of them visited our home — I myself, at that time, having no idea
how privileged I was to share their company as a young boy. In the memoirs of my
mother, who was a gifted pianist, I found a passage (Fig. 48) which you may allow
me to quote:

“When young married, in 1911, I came to Berlin. I found there a scientific com-
munity, the head of which was Max Planck. Besides his physics he was also
devoted to music (he had a small choir, and he played the piano marvellously;
Fig. 49). So we played a lot of music. I sat trembling beside him when we played
pieces for four hands. The G minor symphony of Mozart I will never forget! In his
choir (we sang the Liebeslieder waltzes of Brahms) I joined in the singing so in-
tensely that my son Otto was born 10 days too early. ... Also with Einstein
(Fig. 50), who played the violin, I played a lot of chamber music, and — again — I
sat at the piano trembling in fear of making mistakes. It was a wonderful time, full
of emotions.”

An attraction for Berlin became the institutes of the newly founded Kaiser-Wil-
helm-Gesellschaft, created in 1911 to allow eminent scientists to be free of any
other duties, devoting themselves only to research chosen by themselves and with
no interference by the state.

In the 1920s, despite great economic problems (remember the inflation in Germa-
ny), these institutes began to flourish. Immunology was represented by the
Institute for Experimental Therapy with Professor August Wassermann
(1873—1934; Fig. 51) as director, widely known for the Wassermann reaction
(Fig. 52) for the diagnosis of syphilis. As a pupil of Paul Ehrlich, Wassermann was
an expert in complement and immune cell lysis, and in general serologic techni-
ques.

At the inauguration of his institute, in the presence of Kaiser Wilhelm II (Fig. 53),
on October 28, 1913, Wassermann gave an address in which he stated: “..Using
the defense substances of the organism — which Ehrlich had called antibodies —
we can now build up sophisticated serodiagnostics by aid of which it is possible to
diagnose many diseases without bothering the patient, namely in the laboratory
with the certainty of a chemical reaction”. Antibodies as reagents for specific
chemical structures, the basis of immunochemistry.

But Wassermann’s idea, propagated in 1913, only became reality in the late 1920s
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and far away from Berlin, in New York, at the Rockefeller Institute (Fig. 54),
when Karl Landsteiner (1868 —1943; Fig. 55) introduced the preparation of artif-
icial antigens by azo-coupling determinants of known structure to immunogenic
carrier proteins. He wrote his famous book entitled “The Specificity of Serological
Reactions”. In 1929, at the Rockefeller Institute, together with J. van der Scheer
(Fig. 56), he showed that the three stereo-isomeric tartaric acids — originally dis-
covered by Pasteur and which had so much occupied Van’t Hoff — when coupled
to protein via the respective p-amino-tartranilic acids, could be serologically clear-
ly distinguished by aid of their specific antibodies!

Landsteiner’s publication came to be of crucial influence on my own scientific life
— and, here, you may allow me a few more personal remarks. Several years later I
visited the well-known stereochemist, Professor Karl Freudenberg (1886 —1983;
Fig. 57), a pupil of Emil Fischer, in Heidelberg to ask him whether he could accept
me for a thesis in organic chemistry. Invited for breakfast at his home, he started to
speak enthusiastically about Landsteiner’s work on the serology of tartaric acids.
He said, that recently he had a kind of dream in which vaguely an idea arose in his
mind that the three main human blood types, A, B and O(H) (discovered 30 years
ago by the same Landsteiner), might be something like a d-, I- and meso-configu-
ration. “Would you like to work on that question?”, he asked me very kindly.
Spontaneously I said “yes”. Why, I cannot reconstruct. But this set me off on a
long way of no return right into immunochemistry.

At Heidelberg University, Professor Hans Sachs (1877 —1945; Fig. 58), a highly
esteemed pupil of Paul Ehrlich, and his coworkers gave lectures on the basic prin-
ciples of general immunology and serological techniques as they were understood
at that time, in the 1930s. Well-known immunologists like Ernst Witebsky and
Erwin Neter, later working in Buffalo, came from Sachs’ institute. Thanks to him
and his excellent library, I soon felt rather competent with regard to facts and
theories about the immune response and the respective literature. But, after they
all had left, there were, at that time, only few with whom one could discuss rele-
vant questions.

Realize that in the 1930s and 1940s immunology did not create much interest.
Vaccination and serum therapy were more and more replaced by chemo- and an-
tibiotic therapy: first by the sulfonamides around 1934/35 (by the way, the first
sulfonamide was a dye, Prontosil rubrum), then penicillin and so on. But in con-
trast, immunochemistry as a science began to develop beautifully, and this
especially at the Rockefeller Institute in New York. Landsteiner’s concept of the
general make up of antigens was brilliantly exemplified by Walther Goebel (born
1899; Figs. 59, 62) who, in 1938, on the basis of Oswald Avery’s work on pneumo-
coccal polysaccharides, synthesized an artificial antigen with the type III-specific
disaccharide, cellobiuronic acid, as the determinant (Figs. 60, 61). Goebel’s anti-
cellobiuronic antibodies protected against manifold lethal doses of highly patho-
genic type III pneumococci. Pneumonia, before the times of sulfonamides and
penicillin, was killer no. 1 in the United States. How excited we were when read-
ing Goebel’s publication in the Journal of Experimental Medicine, now half a
century ago! And, may I say, what a “pity” for immunobiology that chemo- and
antibiotic therapies (the latter were also developed around the same time and at
the same Rockefeller Institute, by René Dubos (born 1901), who discovered tyro-
cidine and gramicidine) had just efficiently been created. .. to make the practical
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consequences of Goebel’s synthetic antigen irrelevant! Only recently, in the hands
of Michael Sela in Rehovot — and some others — have such approaches experi-
enced a revival, especially in the field of polypeptide determinants.
Landsteiner kindly took notice of our blood group endeavor in Heidelberg. How-
ever, the time was not really ripe. We were only able to pinpoint the carbohydrate
nature and show the presence of aminohexoses, galactose and fucose in crude
preparations of blood group substance A. After 1945 Walter Morgan (born 1900;
Fig. 63) in London took over, and it was mainly him who finally clarified the es-
sential oligosaccharide structures for A, B and O(H) specificity (Fig. 64) — not
quite fulfilling Professor Freudenberg’s dream. Morgan’s and my group, during
World War II, independently cross-changed our subjects: Morgan at the Lister
Institute changed from enterobacterial O-antigens to blood group carbohydrates
— and my group changed from blood group research to bacterial polysaccharide
antigens, thus getting into the field of enterobacterial O- and R-antigens and en-
dotoxin (the latter originally discovered by Richard Pfeiffer (1858 —1945) while
working with cholera bacilli around 1892 in Robert Koch’s institute in Berlin).
By sheer chance or luck, for quite some time I was, thus, one of the very few
people in Germany scientifically interested in immunology and especially in im-
munochemistry. When in the 1950s and 1960s the new immunology arose, mainly
in the Anglo-American countries, and began also to attract young scientists in
Germany, quite a proportion of them went through our institute, since 1962 the
Mazx-Planck-Institut fiir Immunbiologie in Freiburg, with the late Herbert Fischer
(1921—1981) and Otto Liideritz and myself as directors. In 1967 a handful of
immunologists founded the Gesellschaft fiir Immunologie in Frankfurt. Its history
has recently been described by Professor Gerhard Schwick, our first treasurer and
secretary, and director of the Behringwerke in Marburg. For the first 10 years I
had the honor to act as president, and meanwhile the number of members has
reached almost 900. — From my story, you may understand and appreciate why
the most prestigious prize of our Gesellschaft fiir Inmunologie was named the
Avery-Landsteiner prize. It was first awarded in 1970, at our annual meeting in
Strasbourg, to Walther Goebel from New York and to Jacques Oudin
(1908 —1985) from Paris.
Ladies and gentlemen, the old Berlin around the end of the 19th century exists no
more. The First World War drastically changed its social structure, and the second
great war led finally to its almost complete destruction (Figs. 65, 66, 67). But all
these events did not wipe out the vital spirit of the Berliner and of Berlin as a
cultural center — science being understood as part of human culture. The intuition
and insight of the great scientists of the Belle Epoche, 100 years ago, are still alive.
The great scientists themselves would be astonished to realize the great progress
that has been achieved in immunology during our century, and how many scien-
tists in the meantime are participating, a progress that could hardly have
materialized without the life’s work of our scientific forefathers. They would prob-
ably have a lot of difficulty understanding what active immunologists today are
speaking about.
I hope you can appreciate the message that without understanding our history we
cannot really understand our own times. We are all links in a long chain connecting
past and future scientific achievements. This chain must never break.

O. WESTPHAL
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T Cell Receptors

P. Marrack, A.M. Pullen, A. Herman, J. Callahan, Y. Choi, W. Potts, E. Wakeland,
and J. W. Kappler

INTRODUCTION AND REVIEW

Mammmals have evolved a number of different ways of
recognising the arrival in their bodies of a foreign
invader. At least 3 of these appear to be antigen specific,
by virtue of the fact that the foreign invaders are
recognised by receptors which vary in sequence from one cell
to another.

These clonally variable receptors are, of course, B cell
immunoglobulins (Ig) and two different types of receptors
found on T cells (TCR), the so-called af and p$§ receptors.
All of these proteins are constructed from functional genes
which are assembled in precursor B or T cells by
rearrangement of genes coding for their component parts.
Although each type of receptor gene is made up of different
component parts, the constructions of the different
receptors do have some common features. These are
illustrated in Table 1, which lists the approximate numbers
of the genes which are used to make up mouse Ig and TCRs.

For example all of the receptors contain constant (C) region
sequences, regions of little variability from one clone to
another. Crystallographic solution of the structure of Igs,
and a fit to this solution of TCR sequences, suggests that
the C region portions of these receptors do not contact
antigen but rather are concerned with some other function of
the receptors, such as membrane binding, or, in the case of
Ig, with the known functions of the different Ig isotypes.
In spite of the fact that TCRs are not (usually) secreted
molecules it is worth noting that both af and yé§ receptors
are made up of one chain with a single constant region, and
another which has 2 or more options for its C region. The 2
B chain C regions are very similar in sequence in both mouse
and man. At the moment we are at a loss to explain why 2
such genes exist. Other species may have more, but no
example, besides the NZW mouse, of fewer B chain C region
genes/haploid set has yet been described. The p chain C
region sequences are less like each other (in man there are
only 2). Nevertheless, there is still no clear
understanding of why the y chain locus would require more



than 1. Since particular Vy genes can only rearrange to
particular JyCy combinations, perhaps the multiple Cy
sequences are required to allow the animal to rearrange and
construct different y chain sequences at different times
ontologically (Havran and Allison 1988).

Table 1. Components of Clonally Variable Receptors on Mouse

Lymphocytes
Numbers®* of Available Genes
Receptor Chain v D J C
Ig Heavy 200 10-20 4 8
Light ~200 none 4+2 3 or more
TCR aff B 21 or less 6 12 2
a 50 none 50 1
TCR Vé é ? >7 2 2 1
y 6 none 3 3

Numbers are approximate and do not always include
considerations such as the fact that 6 chain
rearrangements can include one, both or neither of the
available D regions. Data are from Honjo 1983; Tonegawa
1983; Kronenberg et al. 1986; Elliott et al. 1988.

As illustrated in Table 1, it is a fact that each type of
receptor is made up of 2 clonally variable chains, one of
which is made up of 2 types of varying genes, V and J, and
the other of which is made up of 3 such genes, V,D and J.
Additional variability is created for each chain by
insertion of nongerm line encoded bases or removal of germ
line encoded bases (N region bases) at the junctional points
between D and J, V and J and V and D. Genes that can
contain D regions, heavy chain, B or §, rearrange in
precursor cells before those which do not, light, a or y.
In most cases D to J rearrangements precede V to DJ (Alt et
al. 1981; Born et al.) , although there is some evidence
that this is not always true in § gene construction. There
is also evidence, not only from the DNA signal sequences
involved, but also functionally, that the same enzymes are
involved in rearrangements of all these genes.



T cell receptor af and p§ genes are rearrandged in the
thymus. Rearrangement and expression of these genes can
also occur extrathymically, but T cells bearing these
receptors appear much more slowly in the absence of a
thymus, particularly in the case of those bearing af
receptors. A number of studies are in progress to decipher
the relationship between af and pé§ precursors. Delta chain
genes rearrange first, and successful a chain rearrangements
delete § genes, because the § locus lies within that of «
(Chein et al. 1987), so expression of these 2 gene complexes
may be mutually exclusive.

Apart from the fact that o8 and p§ cells arise in the same
location, probably from the same precursors, these cells do
share 2 other features. First, both types of receptors
require for surface expression association with a complex of
polypeptides known as CD3. CD3 is made up of at least 5
different kinds of polypeptide and seems to be required not
only for good surface expression of the clonally variable
receptors, but also for transduction to the inside of the T
cell of signals consequent upon the binding of af or yé to
their ligands outside the cell. D3 therefore serves
essential functions for all T cells.

It is worth considering why T cells require this complex
collection of proteins for signal transduction. Other
receptors bear ligand binding domains and signal transducing
domains on a single polypeptide chain. Some receptors may
require more than one polypeptide for both functions, but
certainly do not involve as many as 7 or more components.

We would like to suggest that the complexity of the TCR/CD3
receptor stems from the fact that binding to this receptor
is required to have different consequences for the T cell
bearing it at different stages in the cell's life history.
This is particularly true in the case of af T cells, which
are known to be subject, via their eB/CD3 receptors, to
positive selection, for maturation, and negatively
selection, for clonal deletion, in the thymus. Also,
binding to this same receptor complex must signal
proliferation and activation or perhaps inactivation, by
anergy, on peripheral T cells. It is possible that the TCR
manages to deliver all these different signals to the cell
which bears it because of differences in the component parts
of the TCR/CD3 complex at different stages in the history of
the T cell. It has been shown, for example, have shown that
cells lacking N\ respond differently to stimulation of their
TCRs than do cells which express A (Mercep et al., 1988).

We have recently found that at a particular stage of
thymocyte development the TCR is not coupled to CD3 in the
same way as it is on mature cells (Finkel et al., 1989).
Perhaps this reflects some differences in the components of
CD3.



A second similarity between af and ypé-bearing T cells is
that both can bear the so-called accessory molecules, CD4 or
CD8. 1In both cases this appears to be optional, although
mature af cells bearing neither are much less frequent than
their yé-bearing counterparts. CD4 and CD8 are thought to
contribute to T cell reactivity by binding to Class II or
Class I molecules respectively on target cells. Such an
idea is entirely in line with the known distribution of CD4
or CD8 on Class II or Class I restricted of T cells.
However, the rationale for the presence of these accessory
molecules on pé cells is less clear, given our current
cloudy understanding of the ligands for such cells ( see
below) .

It seems that 3 different types of clonally variable
receptors exist on lymphocytes because each has evolved to
recognise antigen in a distinct fashion. Immunoglobulin
binds native antigen and af TCRs bind antigenic peptide
fragments bound to major histocompatibility complex proteins
(MHC) . The usual ligands of y§ TCRs have yet to be
identified, but for a subclass of these receptors they
appear to be heat shock proteins derived either from
mycobacteria or self, or perhaps some class of MHC related
products (O'Brien et al. 1989; Janis et al. 1989; Matis et
al. 1988).

SPECIFICITY FOR ANTIGEN AND MHC OF af T CELL RECEPTORS

Studies on the specificities of aBf TCRs have led to some
surprising conclusions. First, there are no obvious
differences between the components of the TCRs on Class I-
or Class II-restricted cells. Immunologists, therefore, are
currently ignorant of the criteria (apart from expression of
CD4 or CD8) which determine the restriction specificities of
T cells.

Some efforts have been made to screen T cells with
specificity for a particular allogeneic MHC protein to find
out whether or not such cells bear receptors with common
features. With a single type of exception discussed below,
receptors for a particular allogeneic MHC molecule have
turned out to be very heterogeneous, with no obvious common
features. It has been suggested in the past, and in light
of current knowledge this suggestion is probably correct,
that allogeneic MHC is probably a vast array of ligands made
up of a foreign MHC molecule bound to many different
peptides, not all of which may themselves be allelic
(Matzinger and Bevan 1977). If this is true, then it is not
at all surprising that the repertoire of a8 T cells for
allogeneic MHC is very large.



In fact the same is usually true for T cells specific for a
given antigenic protein, and even, in some cases, for a
given peptide. It is only when the peptide is whittled down
to a bare minimum or is for some other reason relatively non
immunogenic that a limited T cell repertoire can be found
(Fink et al. 1986). Under these circumstances it is
possible to determine which residues on the af TCR
contribute to its specificity for antigen and MHC.

In general the conclusions from this type of experiment have
been that all the variable components of the TCR contribute
to its ability to bind its antigen/MHC ligand. Although
several models have been suggested for the structure of the
TCR/antigen/MHC complex, our own feeling is that the complex
will have structure very similar to that described for the
binding of Ig to a protein target, with contact residues
over a large area of both Ig or TCR and their ligands,
derived by folding from many different points on the linear
sequence of both receptor and ligand.

SPECIFICITY FOR SELF SUPERANTIGENS AND MHC OF af T CELL
RECEPTORS

Recently we and others have come across some interesting
exceptions to the rules discussed above. Some antigens are
able to bind to MHC Class II molecules and thus form a
ligand which is able to stimulate almost all T cells bearing
a particular VB as part of their receptor, almost regardless
of the rest of the variable components of the receptor.

Such antigens are therefore able to stimulate a significant
proportion of all T cells, especially in the mouse, which
possessing 21 or less VBs, and expresses each VB on average
on about 5% of all T cells. Because antigens of this type
stimulate so many T cells we have suggested the name
superantigen to describe them.

The first superantigens to be discovered are made by mice
themselves and are either themselves allelic, or depend upon
an allelically expressed MHC molecule for recognition by T
cells. An apparently nonallelic B cell-derived antigen, for
example, which reacts with almost all T cells bearing V@17a,
is dependent upon binding to IE for this property (Kappler
et al. 1987). For various reasons IE is not expressed by
all MHC haplotypes, and therefore some mice express this
VBl7a-stimulating ligand, and others do not. Mls-12, on the
other hand, is an allelic product which can bind to most MHC
Class II molecules, and thereby stimulate almost all T cells
bearing VB6 and 8.1 (MacDonald et al. 1988; Kappler et al.
1988).

Animals which express a particular VB ligand delete all T
cells bearing that VB during development in the thymus, and



the resulting restriction in T cell repertoire is surely the
most significant consequence of expression of a superantigen
for the mouse concerned (Kappler et al. 1987, 1988).

Of the mouse VB regions which can be studied accurately at
the moment, ie those against which monoclonal antibodies are
available, nearly all demonstrate evidence that a
superantigen/MHC combination expressed in some mice is able
to delete T cells bearing that VB. The VBs deleted include
vg3, 5.1, 5.2, 6, 7, 8.1, 9, 11 and 17a. The only
exceptions to this rule at the moment are VB2 and 14.

So far superantigens have not been found which affect Va
expression in a similar way. This could be because Vas are
much more difficult to study in mice than are VBs. What
little evidence there is, however, suggests that self
superantigens might not have such a profound affect on Va
expression as they do on VA.

Because the effect of self superantigens is the deletion of
a group of T cells, and consequent diminution in the
peripheral T cell repertoire available to a mouse, one might
imagine that self superantigens would not be advantageous to
wild mice, which have to contend with a universe of
pathogens. To test this idea we have recently examined a
collection of wild mice for expression of such antigens.
Thirty nine wild mice, trapped in Florida, were tested for
expression of VBs on their peripheral T cells and
thymocytes. Several conclusions could be drawn from the
data we obtained:

1. About 1/3 of the animals were homozygous for a large
deletion at the VB locus, involving 12 mouse VBs. This
deletion had different boundaries from that previously
described for SJL, SWR, C57L and C57BR mice, and wild
mice trapped on islands north of Scotland (Behlke et al.
(1986). The deletion also differed in its boundaries
from that recently described by Haqqi et al. (1989) for
the RIII strain of mice. Therefore Mus musculus
expresses at least 4 different VB genotypes, at least 3
of which contain large, independent deletions of Vfs.
Interestingly, all 3 deletions involve many of the same
VBs, whether this is due to a characteristic of the DNA
sequence around the region of deletion, or to natural
selection of animals which have deleted these VBs remains
to be determined.

2. We found evidence for expression in individual animals
for all except one of the mouse self superantigens known
from studies of laboratory mice. Thus self superantigen/
MHC combinations caused deletion of V@Bs 3, 5.1, 5.2, 6,
and 8.1. Surprisingly VB1l1l, which is deleted in
laboratory mice by a superantigen plus IE, was not often
absent in the wild animals even though all but one of the



mice expressed IE. Whether this was due to a variant
VB1l1l gene, or self super antigen in the wild mice could
not be tested.

3. The wild mice contained 2 variant forms of the Vp38.2
gene. One of these led to almost complete interaction
of TCRs which used it with the mouse superantigen, Mls-
12. consequently mice homozygous for this V8.2 and
expressing Mls-1¢, contained very few peripheral T cells
bearing VBs 6, 8.1 and 8.2. Another variant of the 8.2
gene contributed to receptors with markedly increased
reactivity with M1s-12 by comparison with the normal
VB8.2 (50% reactivity). The VB8.2 genes in question were
sequenced and found to contain 5 and 1 amino acid changes
respectively by comparison with V8.2 in laboratory mice.
These changes may be the first indications of the sites
of interaction of the self superantigen/MHC ligand with

V8.

4. All the wild mice expressed at least one self
superantigen. The fact that these antigens all map
independently of each other, and of TCR and MHC genes
led in the wild mice to tremendous diversity between
individuals in the expression of their VB repertoires.
Thus the wild mouse populations we studied had within it
functional genes for all but one of the known mouse Vfs,
but no individual animal expressed them all, and each
animal differed in the collection of VBs it could use
as part of its T cell repertoire.

5. We have begun to examine man for similar VB-deleting
self superantigens. In limited sampling of middle class
Americans no such antigens have become apparent.

So far no satisfactory model has been built to account for
the structural association of self superantigens, such as
M1s-12, with Class II MHC proteins, and TCR VBs. This is
partly because the structure of the self superantigens
themselves is unknown. There is some evidence that these
entities can be transferred, but not very efficiently, from
one cell to another. Apart from this we do not even know
whether or not the molecules are proteins, they may be
peptide derivatives of proteins, and it has even been
suggested that they are in fact lipid components of the cell
membrane.

Whatever the nature of the VB-deleting self superantigens
one property is apparent. They represent a very
sophisticated and flexible method of distributing Vg
expression throughout the mouse population. Since tolerance
mediated by clonal deletion is dominant, absence of T cells
bearing a particular VB because of superantigen-mediated
deletion will be apparent even in heterozygous animals.

This is not the case for VB absence mediated by gene



deletion. Moreover 2 heterozygous, VB~ animals can give
rise, in a single mating, to offspring in which the VB will
be expressed. Again, this is not possible for gene deleted
VBs.

MICROORGANISMS CAN PRODUCE SUPERANTIGENS

In the absence of a cloned self superantigen gene,
immunologists have had to turn for evidence about how
superantigens might operate to what seems to be a related
system. It has been known for some years that some bacteria
produce toxins which are powerful T cell stimulants, in
mouse and man. Recently, several groups have shown that
these toxins bind to Class II proteins, and that this is
required in order for T cell stimulation to occur. We and
others have studied these toxins, and shown that each acts
as a superantigen, stimulating T cells in a VB specific way
(White et al. 1989; Janeway et al. 1989). Staphylococcal
enterotoxin B (SEB), for example, stimulates all mouse T
cells bearing VBs 3, 7, 8.1, 8.2 and 8.3. The
staphylococcal toxin responsible for induction of toxic
shock, on the other hand, stimulates mouse T cells bearing
VB3 and 15. In man, likewise, each toxin is VB specific in
its action (Kappler et al. 1989).

Many of the sequences of these toxins are known. We have
therefore studied the structural features of the toxins
which contribute to the ability of the proteins to act as
superantigens. Our finding, at that of others, is that on
the whole the intact protein is required for activity.
Denaturation and proteolytic digestion destroys the ability
of these toxins to stimulate T cells. Moreover the toxins
themselves do not appear to bind to Class II molecules at
the same site as conventional antigenic peptides, nor do the
toxins compete for presentation with such peptides. The
toxins, therefore, do not seem to bind to Class II MHC
molecules in the groove described by Bjorkman et al. (1988).
They may well wrap themselves around Class II proteins in
some unconventional manner and thereby interact with TCRs,
primarily through VA3.

Functionally the Staphylococcal toxins appear to be very
good models for the action of mouse self superantigens.
Structurally, we are not so sure that they mimic such
entities. If self superantigens, such as Mls-12, were to be
240 amino acid proteins with tight binding to Class II as
the toxins are, we might have expected such entities to be
identified by now, either by straightforward protein
chemistry and coprecipitation, or by antibodies.

Whether or not the Staphylococcal toxins, and other
microbial products like them, are good structural models for
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self superantigens, they do provide a rationale for the
existence of the self superantigens. Our studies have shown
that mice which have deleted all T cells bearing a VB with
which a particular toxin can interact are resistant to the
pathological effects of that toxin. Therefore self
superantigens may exist in wild mice to contribute to
resistance to these types of toxin. We must admit that we
find it surprising that the products of a few bacteria, such
as the species of Staphylococcus or Streptococcus found in
mice, could have such a profound effect on the repertoire of
peripheral T cells but in the absence of any other
explanation for the phenomena we observed in wild mice, this
seems to be the case.
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Positive and Negative Selection of T Cells:
A Transgenic Model

W.C. Sha, Ch. A. Nelson, R.D. Newberry, D.M. Kranz, J. Russel, and D.Y. Loh

INTRODUCTION:

Functional T cells have the ability to respond to a myriad of antigens. This
recognition is accomplished via a heterodimeric cell surface receptor called the
antigen-specific T cell receptor (TCR). However, unlike the immunoglobulin
molecules that can recognize the nominal antigen directly, the TCR can recognize
antigens only in the context of self-MHC molecules, a phenomenon called MHC
restriction. To generate the sequence diversity necessary to recognize the many
antigens, the TCR genes undergo somatic DNA rearrangement similar to those of
the immunoglobulin genes. Because this rearrangement event appears to be
random, we surmised that certain combinations of the TCR rearrangement may be
self-recognizing and thus autoreactive. To determine the fate of such
autoreactive cells, we introduced a TCR from an alloreactive T cell clone, 2C,
into a transgenic mouse and followed its fate.

CONSTRUCTION OF THE TCR TRANSGENIC MOUSE:

2C is a CD8 dependent cytotoxic T cell clone that was obtained by immunizing
Balb/b mouse with Balb/c cells. Its specificity has been mapped to the Ld MHC
Class I molecule. Two monoclonal antibodies are available to track the 2C TCR.
F23.1 antibody recognizes members of the Vg8 family and thus the 2C g chain
(vg8.2). 1B2 Antibody is a clonotypic antibody that vrecognizes the
combination of 2C a and 8 chains. After initial failure in attempts to create a
transgenic mouse whose transgene was expressed in vivo, we constructed TCR a and
B constructs which contained up to 40 KB of DNA using cosmid vectors.

After confirming the authenticity of the transgenic animals by breeding
experiments, RNase protection experiments were performed to analyze for the
expression of the transgenes. These studies showed that expression was indeed
tissue specific--high in thymus and lower in spleen while brain, heart, kidney
and liver were negative. To ascertain the expression at the protein level, we
performed fluorescent-activated cell sorting experiments using F23.1, 1B2,
anti-CD8, and anti-CD4 antibodies. (Sha, 1988a)
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SELF-TOLERANCE TO MHC ANTIGEN PRESENT IN THE THYMUS IS ACCOMPLISHED BY CLONAL
DELETION:

Initially, the transgénic mice analyzed were of the H-2b haplotype. In these
mice, the clonotype positive cells were found almost exclusively as CD4-CD8+
cells in the spleen. To follow the fate of these cells in an autoreactive
environment, these mice were mated to H-2d mice. The resulting H-2(bXd)
progenies were analyzed for the type and distribution of the clonotype positive
cells. In the spleen, there were clonotype positive cells but these were all
CD4-CD8- although F23.1+CD8+ were present. In the thymus, clonotype
positive cells were only found among the CD4-CD8~ populations. No
functional clonotype positive CD4-CD8+ were found. These findings support the
clonal deletion hypothesis of tolerance development against antigens that are
present in the thymus (otherwise called negative selection). (Sha, 1988b)

MHC RESTRICTION--A POSITIVE SELECTION MODEL:

To our initial surprise, when the 2C transgenic mice were crossed into the H-2s
background, clonotype positive CD4-CD8+ failed to emerge in the spleen. To
rule out tolerance development by negative selection in the thymus, mice of the
H-2(bXs) were analyzed and found to contain functional clonotype positive
CD4-CD8*+ cells in the spleen. In addition, the distribution of the
clonotype positive cells in the thymus of H-2s mice differed markedly from those
in the H-2(bXd) mice--namely, the clonotype positive cells were almost
exlusively CD4+CD8+. To explain these data, we hypothesized that the absence of
functional cells in the H-2s mice was not due to negative selection but rather
due to lack of positive selection. We postulated that an element in the H-2b
was necessary for the normal development of the 2C receptor bearing T cells
allowing interaction in the thymus and giving them a "positive" signal. This
would explain why the cells develop normally in the H-2(bXs) animal.

IMPLICATIONS OF THE POSITIVE SELECTION MODEL:

Positive selection model of T cell development implies that the thymocytes
interact with self-MHC molecules as part of normal differentiation. It suggests
that this interaction is H-2 allele specific and is a mandatory step. Little is
known of the molecular interactions and subsequent signalling that occurs.
Based on earlier data, we postulate that it is the radioresistant epithelial
cells in the thymus that provide the MHC molecules involved in this positive
selection step. Whether specific forms of MHC molecules (possibly due to
peptides bound) unique to these cells accomplish this task cannot be ascertained
at the present moment. Alternatively, it is possible that the thymocytes are at
a distinct stage of development as it encounters the thymic epithelial cells and
thus are uniquely susceptible to signals resulting in positive selection. These
and other hypotheses dealing with the exact nature of the molecular interactions
between the TCR and the MHC molecules must await further experimentation.
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Selection of an a83T Cell Antigen Receptor In Vivo and
Engineering a Solulizable Form

M.M. Davis, B.E de St. Groth, L.J. Berg, A. Lin, B. Devaux, C. Sagerstrom,
J.FE Elliott, and P.J. Bjorkman

INTRODUCTION

Much progress has now been made in terms of identifying and
characterizing the molecules important in T cell recognition,
both receptors and ligands. Many issues remain unresolved,
however, among these are: how and on what basis T cell receptors
are selected in the thymus? and the precise nature of the T cell
receptor-antigen-MHC recognition event. Towards addressing

these issues we have developed two types of experimental systems.
The first involves mice transgenic for specific T cell receptor
genes crossed onto different MHC backgrounds. With suitable
serological probes we can follow the expression of both a and g8
chains and the progress (or lack thereof) of T cells bearing
these receptors in the animal. Together with the work of von
Boehmer and colleagues and Loh and colleagues (this volume) the
results of these studies give us some very clear ideas about the
reality and efficiency of both positive and negative selection in
the thymus. In addition, these transgenic systems should make
possible the biochemical characterization of these phenomenon in
the near future.

A second area we have been interested in for some time concerns
how best to make soluble forms of T cell receptor heterodimers in
order to move the bases for discussion from a cellular readout
(e.g. T cell activation assays) to a molecular one (such as
binding and structural studies). Towards this end we have
recently been successful in expressing both a mouse and a human
af heterodimer in a lipid-linked fashion that can then be cleaved
off the cell-surface to produce soluble protein. Prelimimary
indications are that this type of expression of of TCR (in the
absence of CD3) is faithful to the original and can take us a
long way toward the goal of better understanding the troika of T
cell recognition (TCR-Ag-MHC) at a molecular level.

POSITIVE SELECTION

While the 1ligand for of T cell receptor in the periphery
(antigen-MHC) seems clear, what T cell receptors see in the
thymus has been a very controversial issue. Kisielow et al.
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(1988b) have provided data indicating that positive selection for
a class I + HY specific T cellbreceptor can be provided by the
original restricting element (D”). Similarly, Loh et al. (this
volume) have obtained evidence that the D molecule may also be
the positively selecting element in their transgenic system. 1In
our own work, we have recently obtained convincing evidence that
the original restricting element of the 2B4 T cell receptor,
namely, I-E, is necessary and sufficient for the efficient export
of transgene expressing T cells from the thymus. We have
demonstrated this in two ways (Berg et al., 1989b):

1) Peripheral T cells expressing both « and g chain TCR’s of ZB%
are much more abundant in H-2X bearing mice than in H-2
homozygotes (which lack functional I-E expression) as judged by
surface staining. This effect can also be seen in H-2"” mice that
carries a functional E, transgene.

2) The frequenﬁy of moth cytochrome c reactive T cells in thg
periphery of H-2™ mice is at least 10 times higher than in H-2
homozygotes. Again, this can also be seen on b haplotype animals
bearing E, transgenes.

In addition E, deletion mutants which express I-E predominantly
in either the medullary or cortical regions of the thymus (Van
Ewjik et al., 1988) show clearly that positive selection can
occur even with MHC expression only on cortical epithelial cells.
In contrast, medullary MHC expression has no apparent effect
(Berg et al., 1989b; Benoist and Mathis et al., 1989). The
general thymic phenotype of of transgenic mice in the absence of
an appropriate restricting element is that of an arrest at the
double positive (cDa*8*) stage of differentiation. That is, very
few single positive thymocytes are detectable.

In addition, we see a strong disposition towards CD4 expression,
especially in peripheral cells in the presence of the restricting
element (I-E). This is consistent with the observations of
Kisielow et al. (1988a) and Sha et al. (1988a) in which class I
MHC specific T cell receptor transgene expression promotes a
pronounced skewing towards CD8 expression. Thus it seems that
the MHC class specificity of a given T cell receptor somehow
determines its accessory molecule (CD4 or CD8) phenotype. It
would be interesting to determine how this is accomplished.

NEGATIVE SELECTION

In the 2B4 transgenic system we have also encountered negative
selection based on Mls reactivity, which helps to resolve some of
the current issues in the literature (Berg et al., 1989a). In
particular, there is a quantitative removal of cells expressing a

17



high level of the 2B48 chain begause of the combination of its
Vg3 component and the Mls ZA/3 genotype (C3H/HeJ) of one of the
parental strains (as defined by Pullen et al., 1988). We found
deletion of mature 2B4f positive cells to be evident in the
thymuses of both 2B4 of TCR mice, as well as 2B48 mice. What was
interesting, however was the very different phenotype exhibited
by these two types of mice, both of which were undergoing massive
and efficient negative selection. The thymic CD4/CD8 profile
indicates that the g mice had a very gimilar arrest in the
double-positive stage as seen in the H-2® of 2B4 transgenics or
in normal mice undergoing Mls mediated deletion (Kappler et al.,
1988). In contrast, the of mice which deleted V,3 had a greatly
reduced percentage of double positive cells (2% gf the total) and
overall less than 1/10 of the normal number of thymo%ytes,
exactly as reported by Kisielow et al. (1988a) for HY + D, and
as seen in the high-expressing mice of Sha et al. (1988b). We
therefore conclude that the presence of of TCR transgenes greatly
augments the affects of negative selection, perhaps by speeding
up the kinetics of T cell differentiation and selection in the
thymus (Berg et al., 1989a). This is in fact predictable from
the observations that the TCR o chain is the last TCR to be
rearranged and expressed during thymic development and thus the
presence of a rearranged a chain is bound to have an effect on
maturation of at least some T cells. In fact, current data
(Fazekas de St. Groth, et al., in preparation) indicates that TCR
a transgenics express of TCR fully 2 days before normal (d1l5 vs.
dl7) in fetal mice and at inappropriately high levels. This
effect may be due to the absence of normal controlling elements,
especially the silencer regions 3’ of C,r recently described by
Winoto and Baltimore (personal communication).

Another important point is that this study of negative selection
shows the essential equivalence of Mls-mediated deletion versus
antigen + MHC (Kisielow et al., 1988a) and alloreactive (Sha et
al., 1988b) deletion in of transgenic mice. This indicates that
Mls mediated deletion is, in fact, a valid model for the
developmental aspects of self-tolerance.

SOLUBLE T CELL RECEPTOR HETERODIMERS

Because TCR heterodimers are assembled with the CD3 polypeptides
to form complexes of at least seven polypeptides before
appearing in the surface (Minami et al., 1987) they may be one of
the more difficult types of molecules to produce in a soluble
form. On the other hand, the very Ig-like character of its Vv, D,
J and C region elements, makes it very likely that it: 1) can
bind to Ag-MHC by itself and 2) that structurally it could exist
in solution much like an antibody. Thus the challenge has been
to find conditions in which TCR chains can be expressed and form
heterodimers free of CD3 molecules, either secreted from cells in
culture or in a membrane-associated form that could be easily
cleaved from the surface. Initial attempts in our lab took the
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form of TCR(V)-Ig(C) hybrids expressed in myeloma cell lines
(Gascoigne et al., 1987). Interestingly, only vV, (TCR) Cy (Ig)
chimeras could be assembled or secreted as apparently normal Ig
molecules (being assembled and expressed with light chains).
Neither V, (Gascoigne et al., 1987), V, nor V; (R. Wallich et
al., unpublished, MacNeil et al., unp&blished) gene segments
could be expressed in that same context, suggesting that there is
some structural barrier to proper folding. Recently, we became
aware of the increasingly large list of surface proteins known to
be lipid-linked (as reviewed in Ferguson and Williams, 1988).
All such proteins can be cleaved from the surface with a specific
enzyme, PI-PLC, to produce soluble forms. Caras et al., (1987)
had shown that the C-terminal 37 amino acids of decay
accelerating factor (DAF), could serve as the signal sequence for
the lipid linked expression of a Herpes Simplex virus membrane
protein. We decided to apply this finding to T cell receptors in
the hopes that expressing TCR polypeptides as PI-linked molecules
might allow them to associate in the plane of a membrane to
maximize heterodimer formation and to be cleaved off the surface
of expressing cells to produce a soluble form.

Thus far, we find that, in most cases, TCR-PI-signal sequences
chimeras are expressed well in both COS cells (for transient
transfections) and CHO cells (for long-term transfectants).
Single chains of the TCR could be expressed with high efficiency
and cleaved off the surface of expressing cells with PI-PLC (in
early experiments, the kind gift of Dr. Martin Low). Expression
could be demonstrated by either the immunoprecipitation of
surface iodinated cells or fluorescence tagging and analysis by

microscopy or FACS. Immunoprecipitation indicates both dimers
and monomers, in most cases (A. Lin et al., in preparation; B.
Devaux et al., in preparation). To demonstrate that

heterodimers between o and § were being formed that juxtapose V,
and V, determinants, we made use of the fact that preincubation
of 2§% TCR bearing cells with saturating amounts of anti—Va2B4
(A2B4-2 from Samelson et al., 1983) antibody abolished staining
with the anti-Vp, antibody (KJ25 from Pullen et al., 1988). This
same cross-blod&ing phenomenon can also be shown to occur in CHO
cells expressing the 2B4 a and f chains in a lipid-linked form
(Lin et al., in preparation). Currently we are able to purify
hundreds of micrograms of soluble receptor heterodimers. Perhaps
the most crucial test is whether TCR expressed in this way can
bind to antigen-MHC complexes. Preliminary indications are that
it can, with iodinated soluble 2B4 TCR able to bind to I-E

bearing cells in the presence of the appropriate moth cytochrome
c polypeptide. Thus, we are very hopeful at being able to bring
T cell recognition into the biochemical and biophysical realm.
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Mice Transgenic for the T Cell Receptor Cy4 Gene are
Altered in T Cell Development

D.A. Ferrick, X. Min, and T. W. Mak

INTRODUCTION

Lymphocyte interaction, induced and maintained by antigenic stimuli, is
mediated in B cells by immunoglobulin and in T cells by the af T cell receptor
(TcR) . It is well established that in B cells, free antigen is sufficient for
binding to immunoglobulin (Davies and Metzger 1983). However in T cells,
foreign antigens peptides must be associated with the appropriate major
histocompatibility antigens (MHC of "self" molecules) in order for the af TcR
to be activated biologically (Ohashi et al. 1985; Dembic et al. 1986; Saito et
al. 1987).

In the process of -searching for the a-§ T cell receptor , a second TcR, y§, has
also been discussed (Brenner et al. 1986; Saito et al. 1984; Chien et al.
1987a, 1987b; Iwamoto et al. 1986) and shown to be on the surface of T cells
in wvarious anatomical locations (Asarnow et al. 1988; Elliott et al. 1988;
Goodman ard Lefrancois 1988; Havran and Allison 1988; Steiner et al. 1988). As
this receptor was identified mainly based on its structural similarly to the
a-f receptors, the physiologic role of cells that bear these receptors is still
a mystery. The failure to arrive at a role for these receptors is also partly
due to the lack of biological models available to measure their function.
Rapid progress, however, has been made in the identification of ¥ and § genes,
their temporal and spatial expression, the cloning of T cells that express 7§
receptors, the development of monoclonal antibodies against y§ receptors and
the generation of in vivo models that alter the expression of these receptors.
These efforts have generated an enormous amount of data bout the 7§ receptor
that is being used to design experimental models to characterize their elusive
biological function(s).

TcR 98 Diversity and Chromosomal Structure. As shown in Figure 1, there are
many fewer variable (V) and joining (J) gene segments available to the y and §
loci suggesting a more limited number of receptor binding conformations for the
78 TcR. However, if one takes into account that both D§ segments can exist in
tandem or separately and can be read in all three reading frames; plus the
extensive amount of N-region diversity observed within rearranged § chain
genes, then a comparable number of possible unique binding conformations can
exist for yé as compared to af cells.
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T CELL RECEPTOR REPERTOIRE IN MAN
Alpha -  Beta Gamma - Delta

\'} 100 100 10 6
D ? >2 ? 2(3)
J 100 13 4 3
(o] 1 2 2 1
104 104 40 40
Recombinations 108 103
* N-sequences 104 108 104 1012
Total Diversity 1020 1019

* assume 3 a.a. at each junction

Fig. 1. The potential diversity of human 46 and af T cell receptors generated
from the aproximate total number of gene segments available and taking into
account N-region diversity.

A rather unique and intriguing aspect of both receptors is that the § chain
locus resides in the middle of the a locus, such that, whenever a chain
rearrangement occurs the intervening § gene segments are deleted . This
chromosomal organization and recent experimental evidence showing the existance
of a & deleting element (de Villartay et al. 1988a, 1988b; Ohashi et al.
submitted), have in fact led to the suggestion that 1lineage determination
between af and yd may occur before rsarrangement. This implies that whatever
regulatory mechanism exists for the determination of entry into either the af
or 8 TcR lineages, the site of control most likely exists in the delta locus.
In addition, this would suggest that there is not a direct precursor
relationship between the +v4 and a lineages. A schematic diagram for the
development of a-f and y-§ cells is illustrated in Figure 2.
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Possible Scheme for Development of Two Distinct Tcell Receptors

PreT
& deletion functional
y-8
,/ y-3 heterodimer
'B-rearr. /

a-f3 heterodimer
&/ 1Iose Te\ | 2" immunorecognition

\\ structure
& \
\

; |

killer a-8 helper a-8 y-3

Thymus

Fig. 2. Possible scheme for lineage commitment of a-8 and y-§ cells.
|

Fetal and Spatial Expression of 98 TcR. Cells that express y§ receptors are
the first immigrants to colonize the thymic rudiment (Havran and Allison 1988)
and exist in mice as a major population starting at day 14 of fetal development
and declining substancially by day 18 of gestation. Thymocytes that express 7§
are for the most part double negative CD4~ CD8”) (Pardoll et al. 1987; Cron et
al. 1988) and in the periphery exist as a minor T cell population of about 1-5%
(Brenner et al. 1987; Cron et al. 1988). Three areas where y§-bearing cells
exist essentially in the basence of af is in the skin (Thy-1* dendritic
epidermal cells)(Asarnow et al. 1988; Steiner et al. 1988), the gut
(intestinal epithelial CD8* T cells) (Goodman and Lefrancois 1988) and in
athymic mice (Thy-1* cells) (Yoshikai et al. 1986). In fact, the finding that
athymic mice contain relatively high level of 7-8 cells with reduced af cells
suggest that their 76 cells can develope outside the thymus. It is intrigquing
to speculate that the deletion of the & locus may occur within the thymus, thus
committing a large majority of the cells to the a-8 lineage. A summary of the
development of their a-f and y-§ cells is illustrated in Figure 2.

Generation of Cy4 Transgenic Mice. One approach to measure gene effect and
function, in an in vivo environment, is to generate transgenic mice. The over-
or inappropriate expression of a TcR y or § chain gene may produce a phenotype
that is related to the normal function of that receptor chain. We recently
reported the effect of a Cy4 (Vyl.1Jy4Cy4) transgene on T cell reactivity in
mice (Ferrick et al. 1989). The Cy4 gene was isolated by A. Iwamoto et al.
(1986) and is located within the Cy locus. This gene shares little similarity
with either Cyl or Cy2 (50%). There 1is 1lcw expression of this gene in the
adult thymus (Elliott et al. 1988). However, high levels of Cy4 TcR exists in
the spleen beginning at 2-4 weeks and is maintained throughout the life of the
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mouse, representing approximately half of the spleenic y§ cells (J. Bluestone,
personal communication).

Previously we demonstrated that Cy4 transgenic mice displayed a significant T
cell-mediated reactivity at a younger age in the periphery as compared to
controls (Ferrick et al. 1989). In fact, newborn transgenic splenocytes were
capble of generating allo-reactive CTL's in primary culture (D. Ferrick,
unpubl.). This difference in T cell reactivity disappeared with time and was
greatest between 2 and 4 weeks after birth (Ferrick et al. 1989).

Phenotype of Cy4 Transgenic Mice During Developm¢nt. In Table 1, the ratios of
the absolute number of transgenic over control thymocytes are shown for various
cell surface phenotypes. It is interesting to note that at the time when the
greatest difference exists in peripheral T cell function between transgenic and
control (2-4 weeks of age), there is a 3-4 fold increase in the absolute number
of thymocytes in the transgenic thymus compared to control (ex. 2.1x108
thymocytes for transgenic mice 4 weeks old versus 7.5x10 thymocytes for
control mice at the same age). However, the absolute number of T cells in the
spleen and lymph nodes was not significantly different betieen control and
transgenic for all time points tested (data not shown). From Table 1 it is
apparent that there was a greater percentage as well as absolute umber of %86 T
cells at all time points suggesting that this excess is due tc expression of
the Cy4 transgene on the surface. In addition, there is an increase in the
percentage of CD4 single positive thymoctyes at 2 and 4 weeks of age that
correlates with a decrease in the percentage of CD4* CD8* double positive cells
at these time points (Table 1). However, what may be most important is that
the presence of the Cy4 transgene is not only affecting the number of
v8-bearing cells as well, especially between 2 and 4 weeks of age (Table 1l). In
fact, for transgenic mice at 2 and 4 weeks of age, the greatest increase occurs
within the subset of thymocytes expressing af.

Table 1. Thymic Development of T cells in Cy4 Transgenic Mice

Trans/Cont Birth 2 wk 4 wk 6 wk 16 wk

Cells 1
CcD3 1
TCR af 0.
TCR 76 1
CD 4787 1.0 2.
4tgt 0.9 1.

1.4 1.

1.0 0

4*g™
48t

OoOHOHH
O+ wu

woNwn

Thymocytes were isolated and stained with monoclonal antibodies against various
surface molecules. The absolute number of postive cells/mouse thymus was
calculated and the ratio of transgenic (Trans) over control (Cont) is shown for
the ages indicated.

In addition to the phenotypic changes in the T cell compartment of the
transgenic mice, there is also a growth effect as well. In Table 2,
preliminary data suggest that the size of the transgenic mice and their
negative littermates is quite different. From early on the transgenic mice
increase in body weight much sooner than their negative littermates as well as
becoming much more alert and active between 1 and 2 weeks after birth. For
example, at 6 months of age, a normal male H-29 x H-2 mouse will weigh
approximately 32.8+1.3 grams (average of 4 mice) while a transgenic mouse at
the same age will weigh approximately 49.2+2.6 grams (average of 5 mice).
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Table 2. Weight of Cy4 Transgenic Mice During Development

Trans/Cont 2 wk 6 wk 12 wk
Whole Body2® 1.52 1.31 1.26
Thymus® 1.86 2.33 1.01

asSix male littermates (3 control and 3 transgenic) were weighed at various time
points and the ratio of transgenic (Trans) over control (Cont) is shown. brhe
thymus weights were the average of 4-6 mice for each time point and is
represented as the ratio of transgenic over control.

Discussion

Recently, the second described TcR, 176§, has been the subject of intense
investigation. The physiologic role of cells that bear this receptor remains
an enigma as there are still no gocd experimental models available to test for
their function. 1In an attempt to alter the expression of one TcR y gene we
have generated mice transgenic for the Vyl.1Jy4Cy4 TcR chain gene. Our
previous results suggested that the T cell compartment is accelerated during
development in these mice (Ferrick et al. 1989).

In this report the phenotype of the T cells present and their abundance as well
as some preliminary data on the overall size of these mice as they age, suggest
that the transgene is having a drastic effect on the overall devel.or nent of
these mice. The transient increase in the absolute number of thymocytes,
peaking between 2 and 4 weeks, along with the increases in both the 78 a.d af T
cell subse:s (Table 1) correlates with the acute differences in T cell
reactivity measured _.reviously in the periphery at those early time points
(Ferrick et al. 1989). Being that there 1is no significant increase in the
number of T cells in the periphery of transgenic mice between 2 and 4 weeks of
age makes it difficult to hypothesize what effect this increase in absolute
number has on the observed early appearance of T cell reactivity. Even more
difficult to envision are the reasons why the transgenic mice are larger and
appear to develop sooner than their negative littermates. One possibility is
that the effect of the transgenic 48 receptor, when engaged, is to signal the
cell to produce growth factors such as interleukins that can have a positive
effect on cells other than lymphocytes. T1is is not so improbable since it is
known that <vyé-bearing cells can produce biologically active factors such as
interleukins and <vy-interferon (Nixon-Fulton et al. 1988). e are currently
measuring the levels of growth factors in the transgenic mice as well as
looking at the relative abundance of hemopoietic precursors to shed some 1light
on these differences.

Given the difficulty of designing biological models for a set of cells that
bear a receptor whose physiologic 1ligand has not been identified has not
hindered scientists from developing theories based on the current data. Some
of the most widely accepted models based on the data available at present are
as follows: 1) The 76 receptor is a primitive first line of defense against
highly conserved molecules (ex. endotoxins, heat-shock proteins). 2) The 76
receptor recognizes Class I or II molecules complexed with antigen (Ia, K, D,
Qa, TL). 3) The 76 receptor is an adhesion molecule (ie. homing receptor). 4)
And finally, it is an anti-self receptor involved in the augmentation of af TcR
development and responses. Due to the probable heterogeneity of cells that
bear 7§ receptors some or all of the above may be correct.

26



In terms of our Cy4 transgenic mice, although they do cast doubt on the
possibility that they are horming receptors, they are not inconsistent with any
of the above potential roles of +yé-bearing cells, although they do favor the
role of these cells as an anti-self receptor capable of augmenting T cell
development and reactivity. One might suggest, basad on ours and others data,
that 6 cells (most likely a subset) could recognize MHC molecules (such as Qa
or TL) complexed with foreign Or self peptides on activated T cells in both the
thymus and periphery. As a result of this binding, the y8-bearing cell would
produce and secret biological factors to aid in the differentiationa and/or
activation of the corresponding lymphocyte. Alternatively, these 8§ cells
could be stimulated byendotoxin and/or heat-shock protein like substances which
can in turn influence the development and proliferation of a-8 T cells. The
hypothesis is now testable with transgenic mice carrying different chains of y
and § TCR genes.
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Lymphocytes Bearing Either y8-TCR or aS-TCR Can
Recognize Non-MHC Encoded CD1 Molecules

S. Porcelli, P. A. Bleicher, J. L. Greenstein, S.P. Balk, C. Terhorst, and M. B. Brenner

Two T cell populations exist which express distinct T cell receptors
(TCR), TCR B (Marrack and Kappler, 1986) and TCR v& (Brenner et al.
1986) . T cells bearing the TCR aB3 complex are numerically
predominant in the blood and organized lymphoid organs and recognize
foreign peptides presented in the context of self-major
histocompatibility complex (MHC) molecules. As mature lymphocytes,
they are "single positive" and express either CD4 or CD8 which
participate in recognition of MHC class II or class I molecules,
respectively. In contrast, the recognition specificity of
lymphocytes bearing the ¢6-TCR are unknown, and these cells are
frequently both CD4 and CD8 negative ("double negative") (Groh et
al. 1988). Besides v§-TCR lymphocytes, a population of CD4°8"
lymphocytes bearing the aB-TCR also exists in man (Shivakumar et al.
1989). In cytofluorographic analyses, staining with anti-CD4
together with anti-CD8 in one color compared to staining with anti-
CD3 in a second color, we observed the expected presence of a
subpopulation of CD3*°CD4°8 cells in human peripheral blood. When also
staining with mAb anti-TCRs§1 (pan TCR 6 reactive), a majority of
these double negative T cells were shown to bear the v§-TCR.
However, in all normal subjects examined a population of 0.5-2.0% of
these CD4'8" T cells was found to lack reactivity with anti-TCRés1.
These cells were isolated and were shown to express the o«B-TCR. CD4"
8" TCR-aB bearing cells have been reported to be increased in number
in certain genetically autoimmune strains of mice that have
generalized lymphadenopathy (gld, 1pr) (Miescher et al. 1987). These
mice share some clinical features in common with the human autoimmune
disease systemic lupus erythematosus (SLE) where an increase in the
number of CD4°8 T cells in peripheral blood has also been found
(Shivakumar et al. 1989). Our analyses suggest that the number of
double negative aB-TCR bearing 1lymphocytes were increased and
represented more than 10% of the CD3" cells in several individuals
with SLE. Thus the CD3'4°8" phenotype occurs on a majority of y§-TCR
lymphocytes and on a small fraction of «B-TCR bearing lymphocytes,
particularly in SLE.
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The antigen recognition of both these subsets of double negative T
cells is not well characterized. Human vyé T cells cultured in the
presence of interleukin-2 (IL 2) have the ability to lyse a variety
of tumor target.cells in °'Cr release assays (Borst et al. 1987,

Brenner et al. 1987, Brenner et al. 1988). This lysis is thought to
be antigen-nonspecific and may be analogous to the LAK activity
exhibited by CD3" lymphocytes after exposure to high levels of IL2.
In addition, several examples of y6-TCR bearing lymphocytes with MHC-
Tinked recogn1t1on have been reported suggesting recognition of
classical MHC antigens or MHC-Tinked TL encoded antigens (Bluestone
and Matis, 1989). Yet, only a few such examples have appeared, and
it has been difficult to obtain classical MHC-restricted antigen-
specific y6-TCR Tymphocytes in either mouse or man. Moreover,
earlier we identified a vy6-TCR cytotoxic T cell (CTL) line designated
"immunodeficiency deficiency patient 2" (IDP2) which Tacks expression
of both CD4 and CD8. 1In contrast to the more generalized killing of
many °'Cr-labeled tumor targets, cytolysis assays against a panel of
tumor and allogeneic target cell lines revealed specific lysis only
of one or two cell Tlines, notably the MOLT4 T Teukemia cell Tline.
This killing was not inhibited by mAb against monomorphic
determinants present on MHC class I or class II molecules (indeed
MOLT4 cells do not appear to express class II antigens). Based on
such a specific cytolysis profile and the failure to inhibit the
recognition with mAb, we proposed that IDP2 cells displayed spec1f1c
MHC-unrestricted recognition (Brenner et al 1987).

Recently we investigated further the Tigand recognized on MOLT4 cells
by the IDP2 CTL. In addition to MOLT4 cells, we found that IDP2
cells lysed JURKAT and HPB-ALL cells, two other T leukemia cell
lines. A1l three of these thymic-derived cell lines express the
first cluster of differentiation, CD1 (T6) antigens. CD1 molecules
were first described as markers present on immature, cortical human
thymocytes that are lost by medullary (and mature peripheral) T cells
(McMichael et al. 1979, Reinherz and Schlossman 1980, Bahn et al.
1980). Structurally, the CD1 protein is expressed noncovalently
associated with B2 microglobulin (Terhorst et al. 1981, van Agthoven
and Terhorst 1981). Five cross-hybridizing CD1 genes have been
jdentified (Martin et al. 1986, Martin et al. 1987, Balk et al.
1989). Three of which correspond to serologically and biochemically
distinct CDla, CDlb, and CDlc molecules. Protein products for the
other two genes have not yet been described. CDla, b, and c¢ genes
predict polypeptides whose sequence corresponds to a domain structure
(el, @2, and «3) that is roughly similar to that of MHC class I
molecules. Yet the homology to MHC molecules is very limited with
less than 32% identity at consensus residues of MHC class I molecules
in the a2 and o3 domains, and even lower homology in the «l domain.
No homology could be detected between CD1 genes and MHC class I genes
at the nucleotide Tlevel. Moreover, CD1 molecules have shorter
cytoplasmic tails than MHC class I molecules. Although both murine
TL antigens and CD1 antigens are expressed on thymic Tleukemias,
sequence homology analysis did not reveal CD1 proteins to be more
related to TLa than to Qa, H2-K, D, L or HLA-A, B, or C. Finally,
CD1 genes are not encoded in or 11nked to the MHC but are encoded on
chromosome 1 in man (Calabi and Milstein 1986).
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CD1 molecules are expressed on dendritic cells in the epidermis
(Langerhans cells) and the dermis, on activated B cells in mantle
zones, and possibly at lTow levels on resting B cells (Fithian et al.
1981, Small et al. 1987). Given the expression of CD1 molecules on
cells that are of immunological interest and which may function as
antigen-presenting cells, investigators have wondered if CD1 antigens
could function as antigen-presenting molecules. To date no evidence
for recognition of CD1 molecules by T cells has come to 1light and no
examples of antigen presentation by CD1 molecules have been found.

Since (D1 antigens are expressed on the thymic Tleukemia 1lines
recognized by IDP2 cells, we attempted to block Tysis of the target
MOLT4 cell line with anti-CD1 mAbs. Anti-CDlc mAb such as M241 block
lysis of MOLT4 cells by IDP2 by more than 80%. Furthermore,
transfectants of mouse L cells and Byl55.16 T-T hybridoma cells
expressing CDlc, but not CDla molecules were specifically lysed by
IDP2 cells. This killing was completely inhibited by anti-CDlc mAb.
These results indicate that IDP2 cells recognize CDlc molecules on
the surface of target cells (Porcelli et al. 1989).

In another series of experiments, we obtained eight double negative
T cells expressing the aB-TCR. One such cell line, BK6, derived from
the peripheral blood of a patient with SLE was studied in detail
because it was observed to lyse MOLT4, JURKAT and HPB-ALL all of
which express CD1 antigens. Lysis of MOLT4 cells by CTL BK6 was
inhibited by more than 80% by mAb directed against CDla specific
determinants, such as OKT6. Moreover, CDla, but not CDlc transfected
mouse L cells or human rhabdomyosarcoma (RD) cells were lysed by CTL
BK6. Lysis of the CDla bearing transfectants was specifically and
completely blocked by CDla-specific mAb (Porcelli et al. 1989).
Since the appropriate CD1 molecules were recognized in target cells
derived form various donors as well as in xenogeneic transfectant
cell lines, and since mAb against monomorphic MHC antigens failed to
block lysis, the recognition of CD1 by IDP2 and BK6 CTL appeared to
be MHC unrestricted (Porcelli et al. 1989).

Together, these experiments show that a y5§-TCR CTL and an «B-TCR CTL
clone Tyse targets cells through recognition of CDlc or CDla
molecules respectively. Further experiments showed that the aB-TCR
CTL line was inhibited from killing its target cells by mAb directed
against the oB-TCR complex (BMA031) while the y6-TCR CTL line was
inhibited from lysing its targets by mAb directed against the y§-TCR
complex (anti-TCR&1 or anti-TiyA). These results, together with the
specificity of different T cell clones for distinct CD1 antigens
suggests the recognition may be mediated by the T cell receptors
present on each CTL. The nature of the CD1 recognition described
here remains unclear. It seems unlikely to represent alloreactivity
since CD1 antigens appear to display little polymorphism. It may
represent an autoreactive phenomenon especially since the BK6 CTL was
derived from a patient with autoimmune disease. In addition, we have
recently isolated and partially characterized CD4°8 T cell Tlines
derived from synovial tissue of rheumatoid arthritis patients. These
T cell lines are 80-90% TCR y§" and show specific cytotoxicity of
CDlc* transfected target cells. The isolation of such cells from
inflamed synovium and of the CDla reactive CTL BK6 from the blood of
an SLE patient raises the possibility of a role for CD1 reactive CD4"
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8 T cells in autoimmune diseases. Alternatively, CD1 molecules
presenting foreign antigens may be recognized by TCRs in vivo, and
the assays performed here in vitro may detect this general ability to
recognize CD1 molecules. The frequency with which peripheral T cells
show CD1 reactivity is unknown. However, the finding of two examples
in our panel of 22 CD48 T cell lines derived without intentional
selection for CD1 recognition indicates that this may be a fairly
common reactivity. This reactivity may be limited to the double
negative T cell subset examined here, or alternatively may also be
found in the CD8" T cell subset since CD8 molecules have been shown
to associate with some CD1 molecules. The studies summarized here
present the first evidence that T cells can recognize CD1 molecules.
However, further work in needed to define both the physiologic role
for CD1 in normal immune responses as well as its potential role in
autoimmune disease.
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Assembly of the T Cell Receptor/CD; Complex

C. Terhorst, B. Alarcon, B. Berkhout, R. Blumberg, H. Clevers, K. Georgopoulos,
C. Hall, S. Ley, J. Sancho, J. Versteegen, and Th. Wileman

INTRODUCTION

The human T cell receptor for antigens is a multichain cell
surface receptor consisting of variable (TCR -&/8 or TCR —JAS
and constant elements (CD3 - 8’5 , & +6). The exquisite
specificity for antigen plus MHC (or CD1l) resides in the
variable regions of the TCR &/8 (or TCR —K /6) glycoproteins
(1, 2, 3). Since T cell receptors and MHC products (4) (or
CD1 glycoproteins (5)) are anchored in the plasma membrane of
T lymphocytes and antigen presenting cells, respectively,
antigen recognition takes place on the interface between the
two cells. A localized and TCR-independent set of adhesion
events provides a stablizing environment for the subtle
ternary interaction which is dependent upon the fine
specificity of its participants. Thus, antigen recognition
by T cells is a carefully orchestrated and tightly regulated
event.

A T cell canot recognize antigen unless the multichain receptor
complex /TCR/CD3) is correctly assembled and transported to the
plasma membrane. Assembly of the TCR/CD3 complex during
intrathymic differentiation as well as in the functionally
mature T lymphocyte appears to be regulated in a precise
manner. Taken together, the existing evidence favours the
notion that a hierarchy of assembly exists which permits a
stringent control of cell surface expression of the antigen

receptor on the surface of T lymphocytes.
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THE CD3 GENES

The cells of the immune system arise from a common precursor
stem cell. The earliest definitive signal of commitment to the
T cell lineage is expression of the CD3 genes. As members of
the TCR/CD3 complex these proteins appear on the cell surface
relatively late in development after all of the component
chains are synthesized. Transcription of the CD3 genes however
begins much earlier, it precedes TCR rearrangement and may even
occur prior to migration to the thymus. Early thymocytes and
mutant thymoma lines with an immature phenotype express low
levels of CD3 mRNA while more mature T cells express higher
levels. This suggests that transcription of CD—38, -8 and -gis
controlled by the activities of nuclear regulatory proteins
which are modulated during T cell development.

We have previously reported that a 400 bp region 3'of the CD38
gene functions as a transcriptional enhancer with strong
specificity for T cells. We have now identified two cis acting
elements &A and § B in this region responsible for mediating
the enhancer function. Element §A is a T cell specific enhancer
which in the context of the CD36 enhancer requires element§ B
for high levels of activity. We have studied the nuclear
protein factors that bind to these elements and found that
their concentration levels correlates with enhancer activity
and expression of the endogenous gene (7). Element § A was also
found in the TCR- & enhancer (8) and the §A binding proteins
may therefore play an important role in T cell development.

The transcription start site of CD3- Xis 1.4kb from the CD3-
start site. A strong non-tissue specific enhancer has recently
been found 200 bp upstream from the CD3- §start site
(J.Versteegen, unpublished). It is plausible that §A and§ B
also govern the transcription of CD3- xin thymus derived
lymphocytes.
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The human CD3- € gene contains nine exons and spans 12 kb (9).
The gene encoding the CD3-€&chain of the human T cell receptor
(TCR) complex, when introduced into the mouse germ line, was
expressed in T lymphocytes only. The gene was screened for T
lymphocyted-specific cis-acting elements in transient CAT
assays. The promoter (-228 to +100) functioned irrespective of
cell type. A 125 bp enhancer with strict T cell specificity was
found in a DNase I-hypersensitive site downstream of the last
exon, 12 kb from the promoter. Two CD3-E T cell lines were
identified in which the enhancer was not active (10).

INTRINSIC STABILITY OF THE SUBUNITS OF THE TCR/CD3 COMPLEX

To study intercellular behaviour of the TCR/CD3 complex
individual chains coding for the human «,8,§, y and € chains
were transfered into COS and CHO cells. Analysis of pulse -
chase labeled cells used immunoprecipitation by monoclonal
antibodies specific for the transferred subunit. TCRe& was
visualized as three precipitable forms of approximately 40kD,
that migrated between an upper actin band seen at 45kD and a
lower non-specific band seen at 30 kD. TCR B resolved as two
precipitating proteins that were smaller at 35 kD. These
bands represented the different glycosylated forms of the
proteins and they migrate with the same molecular weights as
TCR X and 8 chains precipitated from human T cells (11, 12).
CcD3 §and € were precipitated as proteins of 20 kD while CD3X
was slightly larger at 23-25kD. When the pulse-labelled cells
were chased the relative stabilities of the subunits became
evident. The quantity of immunoprecipitable TCR & and 8
remained constant during the first hour following the pulse
label. After this lag period they were degraded rapidly. cD3§
on the other hand was degraded without a noticeable lag

period.
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TCRet and 8 and cD3d had similar intracellular half lives
during the degradation phase estimated by laser scanning
sensitometry to be at approximately 1 to 1.5 hours (13). In
contrast, CD3 x and & were stable.

To see how far along the secretory pathway the chains were
transported prior to their degradation, pulse-chase
immunoprecipitations were repeated for the glycoprotein
subunits. At no time during the chase did Endo-H resistant
forms of the glycoproteins appear. This implied that the TCR&
and B8 and CD3 & were degraded without passing through the
medial Golgi. The stable g chain remained sensitive Endo-H
indicating its retention in an early compartment of the
secretory pathway. CD3gdoes not have N-linked oligosaccarides

and was not tested.

Immunofluorescence analysis was used to further define the
intracellular structures involved in the transport of the
subunits of the receptor. By virtue of the antibodies available
we were able to study the steady state distribution of the
stable CD3 x chain and the labile CD3 § subunit. In parallel
experiments oligosaccarides processed in the Golgi forms
containing N-acetyl glucosamine and sialic acid were visualised
by incubation of cells with wheat germ agglutinin conjugated to
Texas Red (13). The distribution of immunofluorescence was
similar for both proteins and was in agreement with the
Endoglycosidase-H analysis recorded above. Staining was
restricted primarlily to a reticular membrane network that
extended from the nucleus to the periphery of the COS cell.
This pattern strongly resembled the known structure of the
endoplasmic reticulum of COS cells. These data confirm the
notion derived from studies in T-cells that the majority of the
& B, 8' & and & chains reside within the Endoplasmic

Reticulum.
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Degradation of TCR-®, B, and CD3-§ takes place in an unknown
compartment. Based on studies involving drugs that affect
lysosomal degradation pathways in T cells (14) and Cos cells
(15) it appears as though the lysosomes are not involved.

that observation is supported by the notion that these proteins
do not pass through the medial Golgi for the large majority of
the oligosaccarides attached to TCR-@®, 8, and cD3-8& are not
processed and remain Endo-H sensitive (13). Preliminary data
show that the propensity for direction towards pre-Golgi
degradation is not limited to distinct parts of the molecules.
For instance, fusion proteins prepared with a soluble form of
the IL-2 receptor and the ectodomains of TCR-®&and -8 are
degraded (15). Similarly, the transmembrane and intra-cellular
domains of the TCR-B8 direct the soluble IL-2 R to the pre-Golgi
degradation. It will be of great interest to establish whether
distinct signals exist in the TCR&, B8, and CD3-S proteins
which allow them to be destined for pre-Golgi-degradation.

Indirect immunofluorescence studies showed that none of the
single polypeptide chains reaches the cell surface by itself.
Since the presence of charged amino acid residues in the
transmembrane region of integral membrane proteins have been
shown to affect their transport to the cells surface, site
directed mutagenensis experiments were conducted. When the
negatively charged residues of CD3—‘,6 and -& were replaced
by Ala or Gly the majority of each polypeptide chains were
still found in the endoplasmic reticulum. Similarly, when the
two positively charged residues in the transmembrane region
of the TCR- X chains (Arg and Lys) were replaced by glycine
and isoleucine the polypeptide chain was retained
intracellularly. As in the case of the wild type polypeptide
chains the TCR-&, B8 and CD3- § were degraded rapidly. Thus,
like commitment to pre-Golgi-degradation, retention in the
endoplasmic reticulum and pre-Golgi degradation is not likely
to be caused by a simple "retention signal". Retention in the
endoplasmic reticulum most likely serves a purpose in that it
allows for an efficient assembly of the complete TCR/CD3

complex.
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THE CD3- XAND CD3-& PROTEINS STABILIZE THE OTHER POLYPEPTIDE
CHAINS

In these experiments we used vectors containing different
resistance markers to co-transfer CHO cells and Cos cells with
precise combinations of subunits. The cells were labelled
metabolically and then lysed using mild detergent conditions to
maintain associations between chains. Immunoprecipitation with
subunit-specific antibodies allowed us to assess specific
interactions between subunits and see if interactions between
subunits would affect their intracellular transport. Thus, we
showed that interations between CD3x,53 and & can take place,
and that CD3-g£confers a stability on CD3-8 after association.
Similarly, association between the CD3-&and TCR-B8 results in a
stable subcomplex.

HIERARCHY OF ASSEMBLY OF THE TCR/CD3 COMPLEX

Many T cell variants that lack one or more polypeptide chains
of the TCR/CD3 Complex have been described (18,19). For the
most part partial complexes do not arrive at the cell surface,
although in two distinct cases an escape of the retention
mechanisms has been reported. In one murine T cell line MA 5.8
(CDB—Z) mutant expresses low level of the pentameric complex on
the surface. And in some TCR-&/8 or TCR-&/CD3-6 AKR thymomas
small amounts of CD3—X and-g were detectable at the cell
surface (20). In all these cases the N-linked oligosaccarides
attached to the cell surface chains were of the complex (Endo-H
resistant) type. But in most TCR/CD3 variants which lack the
expression of one of the polypeptide chains the partial
complexes do not arrive at the cell surface.

The CD3'8,6',-£ core complex can be found in human and murine
T cells which lack the TCR-&and -8 chains (21,22). In TCR-«&
and TCR-B cells thef(cfg andqxo'c subcomplexes are found,
respectively.
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whilst in human T cells cD3- { does not associate with either
of the tetrameric partial complexes one report describes that
cD3- § associates with some partial complexes in a murine cell
line (23). After short pulses with radioactive amino acids a
pentameric complex with disulfide bridged TCR« /8 heterodimers
can be found in both CD3-{ and CD3-Z'cells. Moreover, in the
presence of the drug monensin the TCRK-B chains associated with
CD3 are disulfide bridged, although their oligosaccarides
remain Endo-H sensitive. Thus, it appears that the partial
complex &, 8, y, 8§, and € is assembled within the endoplasmic
reticulum. Similar studies have shown that CD3-3% associates
within the endoplasmic reticulum and that only the hexameric

complex migrates to the cis-Golgi.

In order to study the relationship between assembly, surface
expression and signal transduction of the &/8 T cell
Antigen/CD3 complex (TCR/CD3), a series of T-cell mutants with
a partial block in assembly of the complex was generated. Using
chemical mutagenesis we produced somatic cell variants of the
human T-leukemia cell line, HBP-ALL, which expressed low
amounts of TCR/CD3 complexes on their surface. RNA and protein
analyses demonstrated that some variants synthesised normal
amounts of the individual members of the complex, i.e. TCR-a,
TCR-8, CD3—J,6: & and [ . However, less than 10% of the
TCR/CD3 complexes inside the cell contained the CD3—}2
homodimer due to an intrinsic deficiency in the formation of
the TCR-&/8 heterodimer. These latter two defects plus a slow
transport of the TCR/CD3 complex out of the Endoplasmic
Reticulum explained the low surface expression of o./8 receptors
in these mutants. only cells which expressed the complete set
of subunits of the TCR/CD3 complex on their surface, were
capable of transducing CD3-mediated signals as determined by

calcium mobilization.

These results provide the first evidence for differential
cell-surface expression of CD3- é¢in cells which synthesize the
complete set of subunits of the TCR/CD3 complex and are of
importance to the prevailing model attributing a signal
function to CD3 (24).
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Structural and Functional Analysis of Human Class I and
Class IT Major Histocompatibility Complex Proteins,
with Special Emphasis on Alloreactivity

J.L. Strominger

Class I MHC proteins

The class I histocompatibility antigen from human cell mem-
branes (Ploegh et al., 1981) has two structural motifs: the
membrane-proximal end of the glycoprotein contains two do-
mains with immunoglobulin-folds that are paired in a novel
manner, and the region distal from the membrane is a platform
of eight antiparallel B-strands topped by O-helices. A large
groove between the O-helices provides a binding site for pro-
cessed foreign antigens. An unknown "antigen" is found in
this site in crystals of purified HLA-A2 (Bjorkman et al.,
1987a). Most of the polymorphic amino acids of the class I
histocompatibility antigen, HLA-A2, are clustered on top of
the molecule in a large groove identified as the recognition
site for processed foreign antigens. Many residues critical
for T-cell recognition of HLA are located in this site, in
positions allowing them to serve as ligands to processed
antigens (Bjorkman et al., 1987b).

A relatively large number of mutants of HLA-A2 have been con-
structed either (i) by site-directed mutagenesis of residues
in the peptide binding cleft or (ii) by deletions of mini-ex-
ons 6 and/or 7 encoding portions of the intracytoplasmic re-
gion and have been used to analyze the structure and function
of this molecule in the light of the structure revealed by x-
ray crystallography.

A, M . {1 the forei . pindi lef

Four immunological phenomenon in which these molecules par-
ticipate have been examined.

1. Recognition by monoclonal antibodies (Santos-Aguado et al.
1988) .

The localization of the amino acid residues involved in the

serologic specificity of the HLA-A2 molecule has been inves-
tigated. At least three non-overlapping serologic epitopes
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were identified. Mutations in the highly polymorphic region
at amino acids 62 to 66 completely eliminated binding of mAb

MA2.1 (A2/Bl7 cross-reactive). Mutation at position 107 re-
sulted in complete loss of mAb BB7.2 binding (A2 allospe-
cific). The recognition of other allotypic mAbs was not af-

fected by these mutations and they therefore represent at
least a third serologic epitope. Mutations at positions 152
and 156, known to be important for T cell recognition, did
not affect serologic recognition. Introduction of residues
of HLA-B7 origin in the polymorphic segment spanning amino
acids 70 to 80 created a molecule carrying the -Bw6 super-
typic determinant as demonstrated by mAb SFR8-B6 binding but
no determinant recognized by B7 allospecific mAbs was de-
tected.

2. Recognition by alloantisera (Santos-Aguado et al., 1989a).

A small number of pregnancy alloantisera are allospecific and
recognize the same epitopes detected by mAbs at residues 62-
66 and at residue 107 (which earlier data had indicated was a
non-linear epitope also involving residue 161).

3. Recognition by influenza virus-directed HLA-A2-restricted
CTL (in collaboration with Andrew McMichael and members of
his laboratory).

a. Epitope in matrix protein of a Type A strain (McMichael et
al., 1988).

Cytotoxic T lymphocytes (CTL) specific for influenza A virus
were prepared from 15 donors. Those with HLA-A2 recognized
autologous or HLA-A2-matched B-lymphoblastoid cells in the
presence of synthetic peptide representing residues 55-73 or
56-68 of the virus matrix protein sequence. Influenza A
virus-specific CTL from donors without HLA-A2 or with an HLA-
A2 variant type failed to respond to this peptide. CTL lines
specific for HLA-A2 plus peptide did not lyse peptide-treated
target cells from HLA-A2 variant donors. They also failed to
lyse peptide-treated cells with point mutations that had been
inserted into HLA-A2 at positions 62-63, 66, 152, and 156
and, in some instances, mutations at positions 9 and 70. CTL
lysed peptide-treated target cells with mutations in HLA-A2
at positions 43, 74, and 107. The results imply that this
defined peptide epitope therefore interacts with HLA-A2 in
the binding groove so that the long o-helices of HLA-A2 make
important contacts with the peptide at positions 66, 152, and
156. Different amino acids at position 9, which is in the
floor of the peptide binding groove of HLA-A2 and the closely
related position 70, modulate the peptide interaction so that
some T-cell clones react and some do not. These data raise
the possibility that the same peptide may bind in the groove
in two different ways.
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b. Epitope in nucleoprotein of a Type B strain (Robbins, et
al., 1989).

An influenza B virus nucleoprotein (BNP) peptide, residues
82-94, identified by very limited sequence homology with the
influenza A matrix protein epitope, was recognized by HLA-A2-
restricted cytotoxic T lymphocytes. Reciprocal inhibition of
T cell recognition by the two peptides suggest that the BNP
peptide may have lower avidity for HLA-A2 molecules than the
matrix peptide. The weak competitor activity of the BNP pep-
tide for the matrix peptide may be explained by its location
within the HLA-A2 binding cleft, which has been mapped using
T cell recognition of target cells expressing natural vari-
ants and site-specific mutants of HLA-A2. Mutations at
residues 9, 99, 70, 74, 152, and 156 were found to abolish T
cell recognition of the BNP peptide. These results taken to-
gether with results obtained with the influenza A matrix pep-
tide suggest that the two peptides bind differently in the
peptide binding site and in particular that binding of the
BNP peptide may involve residues 9, 99, 70, and 74 in a way
that they are not involved in the binding of the matrix pep-
tide.

4. Recognition by a panel of allogeneic CTL (Santos-Aguado et
al., 1989b).

The complexity and fine specificity of the allospecific T
cell response generated against the human HLA-A2.1l molecule
and the characterization of the antigenic determinants that
anti-HLA-A2 alloreactive CTLs recognize in the molecule has
been analyzed using as targets cell lines expressing HLA-A2
CTL-variants and the human rabdomyosarcoma cell line (RD)
transfected and expressing HLA-A2 mutants obtained by site-
directed mutagenesis. The data were correlated with the
three-dimensional structure of the HLA-A2.1 molecule and led
to the following conclusions: 1) Every clone displayed a dif-
ferent recognition pattern, illustrating the enormous epi-
tope-diversity of this allogeneic T cell response (Figure 1).
The heterogeneity of the CTL clones was also demonstrated
when mAbs against monomorphic or polymorphic determinants in
HLA molecules were used in cytotoxicity inhibition assays;
and 2) Residues shown to be important for allogeneic CTL
recognition were located either in the 0l or o2 helix point-
ing into the site or in the bottom of the putative antigen
binding recognition site, just as they are for virus peptide-
directed HLA-A2.l-restricted CTL recognition. Thus, allo-
geneic recognition must also involve recognition of some ma-
terial in the foreign antigen binding site of HLA-A2.1, most
likely a self peptide. The multiplicity of recognition pat-
terns of the mutants seen with different CTL clones is com-
patible with a model in which a large number of different
self peptides are bound in different ways in the peptide
binding cleft of HLA-A2 (just as virus-derived peptides may
be bound in distinct ways) and serve as the ligands for allo-
geneic recognition.
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Figure 1.

46

The pattern of mutations that affected several
clones. ¢, 0-30% lysis relative to the RD-A2.1
transfectant recognition, i.e. same as background
on RD-mock cells; O, 30-60% lysis; Not shown,
mutations resulting in 60-100% lysis (no effect).
Only the single point mutations were considered in
making this figure.



The effects observed, including the very large repertoire of
allogeneic CTL, can be explained most readily by a model in
which a number of different self-peptides derived from the
allogeneic presenting cell are presented by the allogeneic
(or mutant) MHC molecule and in which different self-peptides
are bound at different specific subsites within the antigen
bindng cleft. Such a model is compatible with the size of
the cleft and with the biological observation that a very
large universe of foreign peptides can be presented to the
immune system by a large, but in this sense relatively lim-
ited, number of MHC molecules. Each molecule must then be
able to present a variety of different peptides. Studies of
the recognition of two different peptides from a Type A and a
Type B influenza virus strain led to the conclusion that a
single peptide, as well as two different peptides, can be
bound to HLA-A2 in different ways and possibly in different
subsites.

Are the data also compatible with a model in which the
allogeneic CTL recognizes HLA-A2 molecules which contain no
peptide in the antigen binding cleft? 1In such a model, the
variety of CTL would be explained by specific recognition of
different portions of the cleft acting as T-cell epitopes.
This model is less attractive, however, because many of the
residues analyzed are pointing into the cleft, where they
should be less accessible to CTL, and at least one, residue
9, is on the floor of the cleft (although alterations in this
residue could affect the conformation of more accessible
residues in the 0l helix). In addition, this model implies
no specific recognition of an MHC molecule, and it might be
anticipated that altered residues outside the area of the
antigen-binding site, such as, for example residues 43 and
107, could also be targets for allospecific CTL.

The problem, however, of how a pon-self MHC molecule can be
recognized remains. Positive selection in the thymus is be-
lieved to ensure that only those T cells bearing receptors
for self MHC molecules will reach the periphery. However,
the number of polymorphic amino acid residues that point
upward from the o helices and are potential ligands for T
cell receptors is relatively limited, i.e. five; in the al
helix four of the seven positions that point upward can have
three or more different amino acid residues, whereas in the
02 helix it is only one position out of eleven. Possibly all
T-cell receptors do not contact all five of these residues.
Moreover, some changes may be tolerated by some T-cell
receptors (as was evident in data obtained for changes at
residues 65 and 76); this would be an example of cross-
recognition. The self peptide in the peptide-binding cleft
of an MHC molecule is derived from the allogeneic tissue.

For an allogeneic response to occur this peptide must be
different from that to which the T cells of the recipient
have become tolerant because the individual must have become
tolerant to most, if not all, self-peptides bound by self-MHC
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during negative thymic selection, presumably by clonal
deletion. A different set of peptides derived from processed
self proteins would have been selected by a different
(allogeneic) MHC molecule. In addition, polymorphism for the
self-peptides derived from allogeneic tissues including those
derived from MHC molecules may also play a role; polymorphic
self proteins may be minor histocompatibility antigens.
Finally, the same self peptide may be bound in distinct ways
by self and allogeneic MHC molecules, presenting different
conformations or side chains to T-cell receptors, and,
therefore, resulting in different thymic selection. Thus,
alloreactivity is the recognition by the host T-cell
receptors of a foreign MHC molecule (possibly imperfect
recognition) containing either a new set of self peptides or
possibly a polymorphic, and therefore foreign, self peptide
in its antigen-binding cleft. 1In this view T-cell epitopes
for allorecognition are unusual self peptides bound in the
foreign peptide-binding site of an allogeneic MHC molecule;
they do not exist on the MHC molecule itself.

Similar studies of mutant MHC molecules have been carried out
recently by a number of investigators although their
interpretations are not identical to that in the model
presented here.

All of the data obtained are compatible with the proposed
structure of HLA-A2. Antibodies recognize only residues
which are exposed in the structure. Recognition of two dif-
ferent flu virus peptide epitopes (one from a type A strain
and one from a type B strain) indicate that these two quite
different peptides which are presented by HLA-A2 interact
with different residues in the peptide binding cleft and may
be located in slightly different positions. The repertoire
of allogeneic CTL is extremely large. The data are compati-
ble with a model in which allogeneic CTL "cross-recognize"
the allogeneic MHC molecule containing an unusual set of self
peptides bound in different ways in its cleft.

letions of portions of the i lasmic regi

Finally, the deletion of mini-exons encoding portions of the
32 intracytoplasmic amino acids of HLA-A2 have been employed
in a study of the constitutive endocytosis of HLA-A2 in a
human T cell line. First, HLA class I antigens present in
the human leukemia T-cell line HPB-ALL were shown to be endo-
cytosed in the absence of specific antibodies (constitutive
endocytosis). In 1 hr, =10% of class I molecules initially
present at the cell surface were found intracellularly. Ge-
netically engineered mutants of the HLA-A2 gene lacking exon
6 or 7 or both were used to analyze whether the cytoplasmic
region contributes to the internalization. The results indi-
cate that amino acids encoded by exon 7 (spanning amino acid
residues 323-340) are required for internalization, while
deletion of exon 6 had no effect. 1In addition, a comparison
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of the cytoplasmic sequences of receptors that are known to
be internalized via coated pits and the present data revealed
that they share a structural feature that could constitute a
specific signal required for endocytosis (Vega et al., 1989).
The biological significance of endocytosis and its possible
relevance to antigen presentation remain to be explored.

Structure of class II MHC antigens

Data obtained for the structure of class II antigens from
protein sequencing and cDNA analyses had suggested an overall
similarity of structure of class I and class II antigens
(Kaufman et al., 1984, Korman et al., 1985). A structure of
class II MHC dntigens has been modeled (Brown et al., 1989)
on the structure determined for the class I antigen, HLA-A2.
A very similar structure has been proposed. The class II
antigens, DR1 and DR4, have been isolated in large amount,
using a recently described procedure (Gorga et al., 1987) and
solubilized. Crystals of both have been obtained (J. Gorga
and J. Brown, unpublished) and efforts to elucidate the
structure are in progress. In the meantime the secondary
structures of human class I and class II histocompatibility
antigens in solution have been examined by Fourier transform
infrared spectroscopy and circular dichroism (Gorga et al.,
1989) in order to compare the relative amounts of o-helix, B-
sheet, and other structures, which are crucial elements in
the comparison of the protein structures. Quantitation of
infrared spectra of papain-solubilized HLA-A2, HLA-B7, and
DR1 in phosphate buffer gave O-helix contents of 17%, 8%, and
10% and R-sheet contents of 41%, 48%, and 53%, respectively.
By circular dichroism, papain-solubilized HLA-A2, HLA-B7, and
DR1 were also found to have comparable o-helix contents
(e.g., 8%, 20%, and 17%, respectively). Circular dichroism
analysis for B-sheet gave 29% for papain-solubilized HLA-B7
and 42% for papain-solubilized DR1l. The value for papain-
solubilized HLA-A2 (74%) was anomalous. It is proposed that
Trp-107 of HLA-A2, missing in both HLA-B7 and DR1l, may be re-
sponsible for much of the anomaly. Due to the uncertainties
inherent in quantitation of the amounts of secondary struc-
tures by both spectral methods, the differences in the con-
tents of O-helix and R-sheet in the three proteins are not
considered significant. However, differences in the nature
of the B-sheet structures are suggested by infrared spec-
troscopy. These results provide physical evidence for an
overall structure of class II antigens modeled on that of
class I antigens.
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Further Analysis of the Role of MHC Molecules in
Antigen Presentation

E.R. Unanue, C.V. Harding, I.F Luescher, and R. W. Roof

This is a summary of some of the research taking place in our labor-
atory. The paper represents a condensed version of a recent review
paper (Unanue et al., 1989).

We regard the histocompatibility molecules as a special transport
system in antigen presenting cells (APC) that functions to rescue
denatured or processed peptides from extensive intracellular digest-
ion (Unanue and Allen, 1987). This transport system operates by
virtue of the property of the molecules of the major histocompati-
bility complex (MHC) to interact with peptides and unfolded pro-
teins. The peptide-MHC bimolecular complex also constitutes the
antigenic determinant that engages the o8 T cell receptor.

The cellular immune system evolved to recognize antigenic determi-
nants formed by linear sequences of amino acids. This recognition
system required not only a vast diversity but at the same time the
capacity to recognize self vs. non-self proteins. Protein antigens
require a processing event in APC before they can be recognized by T
cells. This processing takes place in acid intracellular vesicles
and consists of either the unfolding of the molecule or its frag-
mentation to small peptides. We concentrated on the examination of
hen-egg white lysozyme (HEL), an immunogenic protein in H-2kK mouse
strains (Allen et al., 1987a). HEL recognition by T cell hybridomas
required its internalization by APC and a chloroquine-senstive pro-
cessing event. However, peptides derived from HEL were presented by
live macrophages in the presence of chloroquine. Macrophages light-
ly fixed in paraformaldehyde presented peptides but not the native
HEL molecule. 1In contrast, macrophages that internalized and pro-
cessed HEL presented it to T cells if fixed after 30-60 minutes,
indicating that the peptide-MHC-II complex became available and was
resistant to the fixatives.

The molecular basis of processing became apparent when it was found
that processed fragments interact with purified MHC-II molecules
(Babbitt et al. 1985, 1986). Using equilibrium dialysis, immuno-
genic peEtides of HEL bound in detergent solution to affinity-puri-
fied I-AX molecules. The binding was saturable with Kp of 2-4

wM. While HEL(46-61) could bind to I-AK it did not bind to I-Ad.
1-AK but not I-Ad is the restriction element for presentation of
HEL(46-61). Thus there is agreement between the binding pattern of
a peptide and its immune gene response. This observation first
implied that peptide binding was one essential function of MHC
molecules. It was later confirmed and extended primarily by the
laboratory of H. Grey (Buus et al., 1986). MHC-II molecules show a
single binding site as evidenced from competition experiments with a
range of unlabeled peptides (Babbitt et al., 1986; Buus et al., 1987;
Guillet et al., 1987). The site, although unique, can interact with
a variety of peptides, and can contain peptides of at least 8-12
aminoacids. The tertiary structure of the HLA-A2 molecule (Bjorkman
et al., 1987 a,b) has revealed the combining site of the molecule. A
similar structure has been proposed for class II-molecules (Brown et
al., 1988). The existence of a single combining site that binds to
one peptide at a given time explains the phenomenon of competition
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among protein antigens noted both in vivo and in vitro (Babbitt et
al., 1986). In "antigenic competition", simultaneous immunization
with two proteins results in a decrease in the response to one of
them. This competition may take place at the level of uptake of the
protein by the APC as well as at the level of binding of processed
peptides to MHC-II molecules. 1In the latter case antigenic competi-
tion probably takes place in the milieu of the endosome. A single
binding site implies that many peptides must share the property of
interacting with the same binding site of a given class II molecule.
Several peptide sequence motifs have now been proposed to explain the
pattern of peptide binding to particular MHC alleles.

our experience with lysozyme peptides is summarized in Table I:
1) the immunodominant sequence for H-2K mice was found in the tryp-
tic peptide HEL(46-61). 2) the minimal size functional peptide in
the tryptic fragment HEL(46-61) was from residues 52-61. We made an
"Ala map" by making peptides that had Ala substitutions at each
position, which then enabled us to identify residues that contacted
1-AK and those that contacted the T cell receptor (Allen et al.
1987b). Three MHC-II contact residues were identified, Asp52,
11e58 and Argbl, and three T cell receptor residues, Tyr53, Leu56
and Gln57. These residues were intermingled in the molecule. We
have proposed that peptides mold and adopt particular conformations
as they bind into the MHC-II combining site. For example, folding
the peptide in an « helix results in a segregation of each set of
residues in the two planes of the helix.

Finally, 3) it is of key importance to note that MHC molecules did
not discriminate between self and non-self peptides (Babbitt et al.,
1986). Thus, the murine lysozyme sequence 52-61 that differs from
HEL (52-61) by a Phe to Leu change at residue 56 was not immunogenic
yet was able to bind to 1-ak. Not all self-peptides bind to 1-ak
(Lorenz and Allen, 1988). For example the murine lysozyme peptide
(34-45) will not bind to I-AK because of Arg » Gln change at

residue 41 (Lambert and Unanue, 1989). Thus foreign and self-pep-
tides behave similarly in terms of their interaction with MHC
molecules. Some bind, but others do not, to a given MHC allelic
form, depending on their structure and the MHC haplotype.

TABLE I. BINDING PROPERTIES OF HEL

PROTEIN BINDING TO MHC-II MHC-HAPLOTYPE COMMENT
Native HEL No binding - Needs processing
Peptide HEL(46-61) 2-4 uM k Immunodominant peptide
Peptide HEL(52-61) 2-4 uM k Minimal size of immuno-

dominant peptide
Murine(52-61) Competes with ND Self-peptides bind to
. HEL peptide MHC-11
HEL(34-45) 2 uM k A second epitope in
HEL
Murine(34-45) No binding - An Arg in murine

peptide instead of Gln
at residue 41 affects
the binding
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A critical issue in antigen presentation is the balance between
presentation of self and non-self peptides. Since the MHC-II mole-
cules do not make such differentiation at the level of their binding
site, some other system must operate to insure favorable present-
ation of foreign determinants during antigenic challenge. The in-
tracellular processing events may be critical in order for the APC
to effectively present foreign proteins and override the antigenic
competition brought about by self proteins. The plasma membrane
contains MHC-II molecules that are free and unoccupied., but the
exact number is uncertain. With binding affinities of HEL peptides
of ~10-6M and using B lymphoma cells and our T cell hybridomas,

we estimated that about 600-1000 peptide-MHC complexes per APC were
required to stimulate T cells. This number represents about 1% of
the available MHC-II sites on an APC surface which will need to be
occupied by an antigenic epitope to stimulate an immune response.

Self proteins that compete with foreign peptides derive from two
sources: 1) exogenous - either proteins that are internalized and
processed in endosomes (in a process akin to HEL) or peptides that
are in the circulation and bind directly to surface MHC-II molecules
or ii) endogenous - i.e., proteins that are synthesized and assemb-
led in the ER and are then handled in the Golgi. Now we have little
idea of the extent to which any of these sources provides peptides
for binding to MHC molecules. The degree of internalization of
plasma proteins and-generation of self-peptides is also unclear:; we
believe that this is a significant but limited process. There is
also little evidence for significant amounts of circulating peptides
in blood that bind to MHC.

The internally made proteins could be a major component in the com-
petition with foreign peptides. The experiments mainly from Dr. T.
Braciale's laboratory (Morrison et al., 1986) indicate that the
pathway for presentation via MHC-I molecules is different from that
of MHC-II. Endogenous proteins appear to be presented by MHC-I. If
both MHC-I and MHC-II molecules are in ER-Golgi, then why doesn't
the MHC-I1 get saturated with peptides that result from partial
proteolysis of some of the endogenous protein? Our speculations are
that, i) the MHC-II proteins may get loaded with self peptides but
they unload as they reach the endosome in a manner similar to the
turnover of foreign peptide-MHC-II complexes (see below; Harding et
al., 1988); ii) in ER-Golgi the MHC-II proteins do not bind peptides
because their binding sites are not open, perhaps because of their
interaction with other components. One possibility is that the
invariant chains may bind and protect the MHC-II and prevent the
binding of peptides until the endosome is reached; there the invari-
ant chain dissociates from the MHC-II molecules which are now free
to bind peptide.

Therefore, in endosomes, MHC-I1 proteins become available for pep-
tide binding: these derive from a nascent pool or by way of the
plasma membrane [either free or occupied by peptides that are sub-
sequently released]. Their binding to foreign antigens will depend
on the relative amounts of foreign and self proteins. The manipu-
lations that result in effective immunization typically involve
altering the antigen molecules to increase their uptake by the APC
system. Further experimentation on the in vivo processing events
should give valuable information on how the presentation of self/-
non-self is balanced at the level of the APC.

Cellular Studies on Antigen Presentation - It is important to place
the interaction of peptide with MHC-II molecules in the context of
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the live APC. Recent experiments compared the behavior of MHC-II
molecules in macrophages and the B cell lymphoma TA3 (H-2kxd)
(Harding and Unanue, 1989; Harding et al., 1988, 1989). The turn-
over rate of the peptide-MHC-II complex was compared in these
cells. The complex was very long lived on the membranes of fixed
TA3 cells but had a short life in live cells. The experiment was
done by pulsing fixed cells with HEL (46-61) peptide, washing and
incubating for various periods at 37°C and then assaying for the
amounts of I-AK-HEL (46-61) remaining on the surface using a T

cell hybridoma as our read-out system. Alternatively, live cells
were pulsed, washed, and then fixed at later times. After 72 hrs
there was no major reduction in the amount of immunogenic complex
displayed by the fixed B lymphoma cells; in contrast, the half-
life in live cells varied from 15 to 50 min in different experi-
ments. In similar experiments with macrophages there was no signif-
icant loss in the amount of peptide-MHC-II complex in fixed macro-
phages after 60 hours while the half-life in viable macrophages was
~5 hours. The turnover rate of radiolabeled MHC-II molecules
indicated a half-life of 11 hours in the macrophage and 14 hours in
TA3 cells.

The dissociation of isolated complexes of peptides and MHC-II mole-
cules was also studied. Purified I-AK molecules were incubated

with HEL(52-61):; the bimolecular complex was isolated by Sephadex
G50 chromatography and concentrated; a 10,000 fold excess of unla-
beled HEL(52-61) was added: at different times the solution was
fractionated in order to determine the amounts of free and complexed
peptide. There was minimal dissociation of the peptide, in accor-
dance with the results published with an ovalbumin peptide by the
Grey laboratory (Buus et al., 1986b).

The turnover of Ia-peptide complexes in viable cells was much more
rapid than that observed with fixed cells or with isolated peptide-
MHC-1I complexes. Thus, an active mechanism must mediate the turn-
over of these complexes. In B lymphoma cells the disappearance of
1-Ak peEtide complexes was very rapid relative to the turnover of
the I-AK molecule. It suggests that the active turnover of the
comElexes was mediated by their dissociation to free peptide and
I-AX, which could then be recycled to present new peptides. In
macrophages, the half life of the complexes was somewhat longer
(1/3-1/2 the half life of the I-AK molecule). Recycling of I-ak
may be less prevalent in macrophages and largely reflects the turn-
over of the Ia molecule. These conclusions fit with other studies
using cycloheximide and Brefeldin A that imply a greater degree of
"recycling" of MHC-II molecules in B lymphoma cells than in macro-
phages (Table II).

TABLE II. COMPARISON BETWEEN MACROPHAGES AND B LYMPHOMA CELLS

MACROPHAGES B LYMPHOMA CELLS
CYCLOHEXIMIDE Inhibits Does not inhibit
BREFELDIN-A Inhibits Does not inhibit
DEXTRAN Inhibits Does not inhibit
PEPTIDE MHC-II HALF LIFE 4-5 hours 15-55 minutes
MHC-1I RECYCLING Slight Predominant
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Treatment of B lymphoma cells and macrophages with cycloheximide
produced strikingly different results. Doses of cycloheximide that
entirely inhibited protein synthesis did not affect the presentation
of HEL by B cells but markedly inhibited that of the macrophage.

The dramatic reduction in presentation in macrophages following
inhibition of protein synthesis was first reported by Jensen

(1988). 1In recent experiments we tested the effect on antigen pro-
cessing of the fungal product Brefeldin-A, which inhibits the egress
of molecules from endoplasmic reticulum - Golgi to plasma membranes

(Lippincott-Schwartz et al., 1989). Brefeldin-A inhibited the pre-
sentation of HEL by macrophages but not by TA3 cells. Other differ-
ences between macrophages and B lymphoma cells are found with regard
to the inhibitory effects of some polysaccharides. Incubation with
several polysaccharides such as dextran inhibited presentation of
HEL by macrophages and not by B lymphoma cells (Harding and Unanue,
unpublished experiments, 1989). Taken together, these results indi-
cate that B lymphoma cells may use a recycling pathway of MHC-II
much more than macrophages; the latter would depend more on nascent
MHC-II molecules (Table II).

We have also provided experimental evidence in support of internali-
zation of MHC-II molecules. Both B lymphoma cells and macrophages
contained MHC-II in an intracellular compartment that remained in
the cell for long periods after cessation of protein synthesis
(Harding and Unanue, 1989). This compartment was revealed by the
binding of anti-MHC-I1I monoclonal antibodies to cells in the pre-
sence of saponin; saponin permeabilized the cells to allow the anti-
body to enter and bind intracellular MHC-II, causing an increment in
antibody binding. The intracellular compartment was stable in both
the B lymphoma cells and macrophages kept in suspension but was
markedly reduced when the macrophages adhered to plastic dishes. 1In
other experiments we directly observed endocytosis of MHC-II mole-
cules in both B cells and macrophages: 25-30% of 1-AK molecules

were internalized as measured by the uptake of monoclonal antibodies
or their monovalent fragments. The internalized 1-AK molecule was
identified by Percoll density gradient fractionation in a light
endosomal vesicle that sedimented in identical position as vesicles
containing transferrin (c.f. Creswell, 1985). These experiments
indicate that while the majority of I-AK molecules are on the

plasma membrane, there is a significant number (20-30%) found in a
light endosomal organelle. Endosomes are those intermediate organ-
elles which harbor internalized proteins in their sojourn through
the cell and prior to their fusion with lysosomes. In our view it
is likely that endosomes have key roles in protein processing and in
the coupling of peptides to I-AK as well as in the peptide inter-
change suggested from the turnover studies described above.

Recent Biochemical Aspects of Peptide-MHC Interaction - The endo-
somes, where peptide-MHC-II interaction may take place, may contain
components that can modulate primary interaction between peptide and
MHC-II molecules. Studying the interaction of MHC-II with photo-
affinity conjugates of lysozyme peptides, we have shown that some
phospholipids play an important role. The data suggests that the
combining site of I-AK, which holds HEL (52-61), is conformation-
ally not fixed, but is pliable, resulting in variable interactions
with peptides.

In these experiments, cell membranes from TA3 cells were exposed to
HEL(46-61) conjugated to a photoaffinity moiety either at its amino
or carboxyterminus. After UV irradiation, to generate a covalent
bond of the peptide to I-AK, the I-AK was detergent-solubilized
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and isolated using monoclonal antibodies:; its component chains were
then separated by SDS-PAGE. All the label was found associated with
the o« chain (Luescher et al., 1988). The same results were ob-
tained when the cell membranes were first solubilized, followed by
incubation of the crude material with the probe and subsequent anal-
ysis. In contrast, handling of the 1-AK molecule during its puri-
fication led to decreased labeling, as well as labeling of the B
chain. Simple dialysis of the crude membrane preparation resulted
in a decreased labeling, suggesting that a small soluble component
was critical for the binding properties of the MHC-II molecule.
Addition of certain lyso-phospholipids resulted in the re-acquisi-
tion of strong labeling or labeling predominantly of either of the
two chains (Luescher and Unanue, unpublished studies, 1989). The
binding kinetics of radiolabeled peptide and I-AK indicated that

the affinity constant for HEL(52-61) binding to I-AK was 1-3 x

10-7 M in the presence of lysophosphatidylserine, as compared to

2-4 x 10-6 in their absence. The increase was the result of a
higher rate of association. The rate of dissociation was similarly
slow with or without phospholipids (experiments to be published by
Luescher, Roof and Unanue, 1989).

Thus, class II molecules, particularly in detergent, may have a
certain conformational flexibility that affects their interaction
with antigens. Conformational changes in the antigen binding site
conceivably originate in different mutual orientations in which the
subunit chains assemble. These orientations may be affected by
particular lipid/detergent interactions of the spanning domains of
the subunits.

The analysis of the interaction between HEL(34-45) and I-AK sug-
gests that a single peptide bound to MHC-II may give rise to more
than one antigenic site. HEL (34-45) is a second immunogenic pep-
tide to which T cell hybridomas have been developed. We synthesized
peptides having Ala substitutions at each position and then tested
each peptide for its binding to I-AK as well as for stimulation of
two T cell hybridomas. Peptides with Ala substitutions at residues
43, 44 or 45 bound to I-AK and so did peptides with substitution

at residues 34, 35 or 36. Indeed, binding assays showed that the
Ala substituted peEtides competed for the binding of radiolabeled
HEL (52-61) to I-AX., However, the Ala substitutions at the C
terminus stimulated only one of the two hybridomas while the pep-
tides with Ala at the N terminus stimulated the other. Thus, al-
though the substituted peptides were able to bind to I-AK, each

had different stimulatory capacity for each T cell hybridoma.

HEL(34-45) could be binding to 1-AK in different conformations or

at different places in the combining site of MHC-II. The binding of
different T cell receptors, specific for each particular situation,
would be affected differently by the Ala substitutions. Another
alternative explanation is that the differences are explained by the
T cell receptor itself - the peptide could be located in the com-
bining site in a single configuration, but T cells may show higher
specificity for either the N or C terminal portion of the peptide.
The conclusion, regardless of the final explanation, is that small
peptides do generate more than one antigenic specificity when bound
to 1-AK. This point may be critical in the generation of diversity
for T cell systems. If indeed the T cells recognize two or three
amino acids within a peptide (Allen et al, 1987b), it implies that
there should be other factors, aside from the random sequence of
amino acid, that serve to generate the antigenic diversity of pep-
tides.
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Finally, a varietx of polysaccharides did not bind to the combining
site of I1-AK, 1-EK or 1-Ad. The binding was tested either by
competition on direct binding of radiolabeled HEL (52-61) to deter-
gent-solubilized, affinity purified I-AK or by competition for
binding of immunogenic peptides to fixed APC (for antigen present-
ation to T cell hybridomas). Tested compounds included dextrans of
various sizes, dextran sulphate, ficoll, lipopolysaccharides, the
capsular polysaccharides of H-influenzae, Neisseria meningitidis,
and Diplococcus pneumoniae, heparin and a variety of di-and tri-sac-
charides (Roof and Unanue, experiments to be published, 1989). The
hydrophilic nature of the carbohydrate moieties was not conducive to
their interactions with the MHC-II combining site. The lack of
association of carbohydrate antigens with MHC-II molecules explains
their incapacity to stimulate CD4 T cells.
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Studies on the Nature of Physiologically Processed
Antigen

S. Demotz, H.M. Grey, and A. Sette

INTRODUCTION

Activation of class II-restricted T cells requires the formation of a
trimolecular complex between antigenic peptide fragments, class II MHC
molecules, and the T cell receptor (Buus et al. 1987). 1In contrast to
the substantial body of evidence characterizing the interaction between
synthetic peptides and class II molecules, essentially no data are
available on the nature of the antigen resulting from in wvivo processing
of protein molecules. It has been postulated that fragments arise from
limited proteolytic degradation of native antigens inside acidic
compartments of the antigen-presenting cells; however, up to now no
direct chemical characterization of physiologically processed peptides
has been presented. In this paper we review experiments that we have
performed that provide the first partial characterization of a
physiologically processed antigen.

RESULTS

Taking advantage of the high stability of the complexes between MHC
molecules and antigenic peptides, we attempted the isolation and
characterization of a naturally processed antigenic determinant from hen
egg lysozyme {(HEL) pulsed A20-1.11 B lymphoma cells (A20 cells). First,
IEd molecules were purified by affinity chromatography from a lysate of
HEL-pulsed A20 cells (HEL/IEd), and an aliquot of this IEd preparation
was inserted into lipid planar membranes (PM). These complexes strongly
stimulated IL-2 production by the IEd-restricted T cell hybridoma 1
H-11.3, for which the sequence HEL 107-116 had previously been identified
as the minimal antigenic determinant (Adorini et al. 1988). Thus, this
IEd preparation contained naturally processed material that included the
HEL 107-116 determinant (Table 1, first row).

The naturally processed antigen contained in such IEd preparations was
isolated by acid treatment of acetonitrile-precipitated HEL/IEd material,
followed by Sephadex G-10 chromatography (Buus et al. 1988). As assessed
by sodium dodecylsulfate-polyacrylamide gel electrophoresis, this step
completely depleted the acid-eluted HEL/IEd peptide preparation of IEd.
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Table 1. Isolation of naturally processed antigenic material from antigen-
pulsed B lymphoma cells

U/ml IL-2
Antigen added to produced by
Source of IEd purified IE 1 H-11.3 T cells
HEL-pulsed A20(a) nothing 1280
Unpulsed A20 20 ng 20
synthetic HEL 107-116
Unpulsed A20 200 ng 640
synthetic HEL 107-116
Unpulsed A20 acid-eluted peptides(b) 80

from HEL/IEd

(a) A20 cells grown in RPMI medium supplemented with 5% fetal calf serum,
100 pg/ml streptomycin, 100 U/ml penicillin G, and 5 x 10-5 2-
mercaptoethanol were pulsed for 24 hours with 1 mg/ml hen egg lysozyme
(HEL, Grade I, Sigma, St. Louis, MO). IEd molecules were purified by
affinity chromatography on 14.4.4 anti-IEd monoclonal antibody column.

(b) To prepare acid-eluted IEd peptides, 350 pg IEd purified from 1.5 x
1010 HEL-pulsed A20 cells (HEL/IEd) were acetonitrile precipitated,
treated for 30 minutes at 37°C with 2.5 M acetic acid, and then loaded on
a Sephadex G-10 column equilibrated with acetate buffer. The peptide
material eluted in the void volume was collected and lyophilized twice.

In vitro prepared complexes between IEd and peptides were obtained by
dissolving the lyophilized peptides in 10 pul phosphate buffer saline/100
mM tris, pH 7.2, supplemented with 1 mg/ml sodium azide and a cocktail of
protease inhibitors (16 mM EDTA, 2.6 mM 1,10-phenanthroline, 0.15 mM
pepstatin A, and 2 mM PMSF), and 10 pl IEd preparation 1-2 mg/ml. After
one day of incubation at room temperature, the samples were diluted to
250 pul with PBS containing 1 mg/ml sodium azide, 1% n-octyl-p-D-
glucopyranoside (Sigma, St. Louis, MO), 175 pg/ml L-a-phosphatidylcholine
(Sigma, St. Louis, MO), and 25 pg/ml cholesterol (Sigma, St. Louis, MO).
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The acid-eluted HEL/IEd peptides were then incubated with IEd molecules
purified from A20 cells grown in the absence of HEL. The putative
complexes were then inserted into PM. These antigen-presenting
structures stimulated IL-2 release from 1 H-11.3 T cells, indicating that
peptidic material containing the HEL 107-116 sequence was eluted from the
IEd isolated from cells incubated with HEL, and these peptides could be
rebound to IEd molecules and detected by their capacity to stimulate T
cells (Table 1, last row). This, then, provided an assay with which
naturally processed antigen could be characterized. To this end, an acid-
eluted peptide preparation was subjected to reverse-phase HPLC, and each
fraction was tested for its capacity, following incubation with IEd
molecules, to form T cell stimulatory complexes. Material antigenic for
1 H-11.3 T cells was eluted within a restricted portion of the solvent
gradient, between 34-40% acetonitrile. The activity profile suggested
that at least three peptide species were produced by A20 cells during
processing of HEL molecules (Fig. 1). The synthetic peptides HEL 107-116
and HEL 105-120, respectively, eluted at 34% and 40% acetonitrile,
suggesting that the HEL fragments generated by A20 cells were
structurally related to these peptides.

Next, the molecular weights of acid-eluted HEL/IEd peptides were
estimated by Sephadex G50 chromatography. Each fraction was tested for
its capacity to produce, when combined to IE4 molecules, complexes
antigenically active for 1 H-11.3 T cells. Stimulatory material was
found in a single homogeneous peak, with an apparent molecular weight of
about 2 kDa (Fig. 2).

As a control, a radioiodinated synthetic peptide corresponding to 125I-Yy-
HEL 105-120 was subjected to the purification procedures described above,
to evaluate the possibility that limited degradation of the antigenic
material occurred during the isolation procedure. As assessed by reverse-
phase HPLC, no significant degradation could be detected, indicating that
the antigenic HEL peptides characterized above were representative of

that which were produced by processing within A20 cells.
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Fig. 1. Reverse-phase HPLC analysis of a naturally processed MHC class II-
restricted determinant of lysozyme. Acid-eluted material obtained from
350 pg of HEL/IEd complexes was separated by reverse-phase HPLC. One-ml
fractions were collected, lyophilized, and tested. The elution positions
of synthetic HEL 107-116 and HEL 105-120 peptides are indicated.
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Fig. 2. Gel filtration analysis of a naturally processed MHC class II-
restricted determinant of lysozyme. Acid-eluted material obtained from
350 ug of HEL/IEd complexes was chromatographed on a Sephadex G50 column.
Eight-ml fractions were collected, which were lyophilized twice. One-
fifth of each fraction was tested. The positions of molecular weight
markers are indicated (11.4 kDa, cytochrome ¢; 6.5 kDa, aprotinin; 3.5
kDa, protamine A; 1.9 kDa, Y-HEL 105-120). 1In this experiment, IEd
complexes prepared with 20 ng and 200 ng synthetic HEL 107-116 peptide
stimulated the production of 1280 U/ml IL-2 and >2560 U/ml IL-2 by 1 H-
11.3 T cells, respectively.
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To estimate the proportion of IEd molecules on HEL-pulsed A20 cells that
were occupied by peptides containing the HEL 107-116 determinant detected
by 1 H-11.3, we compared the antigenicity of an IEd preparation from HEL-
pulsed A20 (HEL/IEd) with synthetic HEL 107-116/IEd complexes prepared in
vitro. The amount of synthetic HEL 107-116 peptide bound to IEd
molecules was first determined by Scatchard analysis, as previously
described (Buus et al. 1986). Thus, it was calculated that under
saturating concentrations of HEL 107-116 peptide (>10 pg/ml), 7.5% of IEd
molecules were occupied by this peptide. Then, various amounts of HEL
107-116/IEd complexes were.inserted into PM, and for each of them the
corresponding 1 H-11.3 T cell stimulation was measured. The total amount
of IEd inserted into each PM sample was kept constant by adding IEd
purified from unpulsed A20 cells, to obtain a direct correlation between
the T cell response and the density of antigenic complexes present in the
PM (Fig. 3).

16 nM of IE from HEL-pulsed A 20

1200 -
o ]
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2 400
0 L] LI ll lll[ L3 T T 1T 7117
.1 1 10 100
nM HEL 107-116 bound

Fig. 3. Occupancy of MHC class II molecules purified from lysozyme-pulsed
B lymphoma cells by lysozyme 107-116 determinants. Various
concentrations of synthetic HEL 107-116 peptide bound to IEd molecules
and inserted into PM were tested for their ability to trigger 1 H-11.3 T
cell stimulation. A known concentration of IEd molecules purified from
HEL-pulsed A20 cells (16 nM) was inserted into PM and used to stimulate 1
H-11.3 T cells.
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It was found that naturally processed HEL/IEd complexes inserted at 16 nM
into PM stimulated 1 H-11.3 T cells to produce 640 U/ml IL-2. A similar
T cell activation was reached with 6 nM HEL 107-116 peptide bound to IEd
molecules. Assuming that HEL 107-116/IEd complexes were as stimulatory
as HEL/IEd complexes, these data would indicate that 38% of the IEd
molecules expressed by HEL-pulsed A20 cells were occupied by HEL 107-116
determinants. An independent method of estimating the degree of
occupancy was based on the amount of antigenic peptides eluted from an
HEL/IEd preparation after its separation on G50 gel filtration. 1In this
experiment, antigenic material obtained from 2 nmoles of IEd yielded T
cell stimulatory activity similar to that obtained by using approximately
0.2 nmoles of synthetic HEL 107-116 peptide. Thus, by this calculation
it would appear that approximately 10% of the IEd molecules purified from
HEL-pulsed A20 cells carried HEL 107-116 determinants. This figure is a
minimal estimate, since the G50 fractions probably also contained non-HEL-
derived IEd binding peptides that would tend to compete with, and lower
the efficiency of, binding of the HEL peptides to IEd.

DISCUSSION

In this report, we have described techniques for the preparation of
complexes between MHC molecules and naturally processed antigenic
peptides that allowed us to initiate characterization of a naturally
processed determinant of HEL. The micro-heterogeneity obtained upon HPLC
analysis of the antigenic peptides produced by A20 cells indicates that
processing does not lead to single unique peptide fragments, but rather
to a series of related peptides of approximately 15-20 residues in length.
The observed heterogeneity may be due to cleavages at different positions
within the HEL sequence, reflecting the usage of either different
proteases or proteases displaying a broad substrate specificity.

Attempts to quantitate the proportion of HEL/IEd complexes bearing HEL
107-116 determinants yielded surprisingly high estimates (10-40%). These
data can be at least in part rationalized, considering that HEL
represented under the experimental conditions used about one-third of the
total extracellular proteins (1 mg/ml HEL in 5% total calf serum).
Furthermore, the HEL 107-116 peptide region is the major IE¢ binding site
of HEL (Adorini et al. 1988). Nevertheless, the efficiency of in yivo
binding of HEL-processed fragments by IEd molecules appears to be quite
high. 1If, however, naturally processed antigen had, for some unknown
reason, an increased antigenic potency compared to the synthetic peptide,
this could also contribute to the high biologic activity observed (Falo
et al. 1986). Direct sequencing of naturally processed antigenic
peptides should allow us to solve these issues.
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Role of MHC Polymorphism in Autoimmune Disease

H.O. McDevitt, D.C. Wraith, D.E. Smilek, and L. Steinman

INTRODUCTION

The immune response to foreign protein antigens, and to
self-protein antigens in autoimmunity, begins with an
interaction between a peptide fragment of the protein
antigen and an MHC class II molecule. Binding of the
peptide in the binding site of the class II molecule is
followed by recognition of this complex by T cells with
receptors complementary for the peptide-class II molecular
complex. This induces the development of memory helper T
cells, and leads to both T cell and 8 cell immune responses
to the peptide fragments of the antigen and to the intact
three dimensional protein (Schwartz, R.H., 1986).

Immunogenicity of a protein, and selection of the
immunodominant peptides of the protein, are functions of the
amino-acid sequences of the MHC class II o and B chains
(Schwartz, R.H., 1986). Therefore, ability to respond to
peptide, and susceptibility to many autoimmune diseases in
both mouse and man is strongly influenced by the allelic
polymorphism of MHC class II molecules (Schwartz, R.H.,
1986; Todd, et al., 1988).

Thus, in patients with type 1 insulin dependent diabetes
mellitus (IDDM), rheumatoid arthritis (RA), and pemphigus
vulgaris (PV), allelic polymorphism plays a major role in
susceptibility to each of these autoimmune diseases (Todd,
J.A., et al., 1987.; Todd, J.A., et al., 1988; Sinha, A.A.,
et al., 1988; Scharf, S.J. et al., 1988). Disease
susceptibility, (and in some cases resistance to an
autoimmune disease) is associated with a particular first
domain allelic hypervariable region sequence that is often
shared by several HLA-DR or DQ alleles. Specific allelic
hypervariable region sequences, presumably by conferring
ability to bind a self peptide with high affinity, confer
susceptibility to specific autoimmune diseases.
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The alleles and allelic hypervariable region sequences
predisposing to autoimmune disease can be used in strategies
designed to prevent treat these diseases.

In principle, the interaction between MHC molecules,
peptides, and T cell receptors can be attacked at several
points. When T cell receptor (TcR) Va or VB gene usage is
restricted, antibodies to the Va or VB gene product can be
used to prevent the autoimmune disease (Acha-Orbea, H., et
al., 1988; Urban, J.L., et al., 1988; Owhashi, M., and E.

Heber-Katz, 1988). 1In some situations, T cells capable of
inducing autoimmune disease may use multiple Vo and VB genes
(Sakai, K., et al., 1988). Here, an alternative approach to

preventing the autoimmune disease might employ 'blocking'
peptides, with a high affinity for the binding site of the
MHC susceptibility allele, preferably with no cross-
reactivity with peptides inducing the autoimmune disease.
Such competitive inhibition has been demonstrated at two
levels. Gefter, et al., have reported that it is possible
to inhibit T cell activation in vitro through the use of
peptides which compete with the specific T cell antigen for
MHC binding (Guillet, J.G., et al., 1987). More recently,
Adorini, et al., have 'blocked' the in vitro priming of
murine I-A™ binding mouse (self) lysozyme peptide 52-61
(Adorini, L., et al., 1988).

One animal model in which the peptide epitopes, T cell
receptor (TCR) repertoire, and MHC susceptibility alleles
have been fully characterized is experimental autoimmune
encephalomyelitis (EAE). This disease is induced by
immunization with myelin basic protein (MBP), or with
peptides of MBP. The disease is characterized by lymphocyte
infiltration into the CNS resulting in demyelination and
paralysis.

The acetylated N-terminal peptide 1-11 of rat MBP (Acl-11)
shares the first nine amino acids with mouse MBP, and is
able to induce encephalitogenic T cells in mice expressing
I-aAY antigens. T cell recognition of Acl-11 is an important
model for immune intervention since this epitope is
immunodominant for disease induction in both P1/J (H-2Y) and
(PL/J x SJL) F1 (H-2Y%S) mice, even though the latter strain
is able to mount a T cell response to both Acl-11 and 89-101
(Figure 1). The experimental goal is thus, to define MHC
and TCR interaction residues in order to design peptides
which might inhibit the autoimmune response leading to EAE.

It has been shown (Acha-Orbea et al., 1988), that
encephalitogenic T cell clones from PL/J and (PL/J x SJL) F1l
mice use only four related TCR types for recognition of Acl-
11, all utilizing Vg8.2. These clones all displayed a
similar pattern of recognition when tested on a panel of
peptides constructed by single amino acid substitution of
the first nine amino acids of Acl-1ll with serine (residue 1)
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or alanine (residue 2-9) peptide. Most of these peptide
analogs stimulated encephalitogenic T cell clones at the
same concentration as the Ac-11 peptide. Thus, these
peptides are capable of binding to I-AY. Substituting
alanine for lysine at position 4 generated a heteroclitic
peptide Acl-11[4A], which stimulated the T cell clones much
better than Acl-1l. Substituting alanine for glutamine at
position 3 (Acl-11[3A]) or proline at postition 6 (Acl-
11[6A]) abolished the response of the clones to the peptide
analogs.

To distinguish whether these differences in T cell clone
responsiveness to the analogs were based on MHC-peptide or
TCR-peptide interactions, an MHC binding assay was developed
(Cell, in press). A radiolabelled, photoaffinity probe was
designed which would both bind and crosslink to the I-AY.
The ability of unlabelled peptide to inhibit binding of the
probe then grovided a measure of the peptide's ability to
bind to I-AY. Acl-11[4A] was found to bind to I-AY with
greater than ten fold higher affinity relative to Acl-11,
thus explaining this peptide's heteroclitic stimulation of
the T cell clones. Acl-11[3A] and Acl-11[6A] also bound to
I-AY, even though unable to activate encephalitogenic T cell
clones. Lymph node proliferation studies showed that the
two latter peptides activated T cells which were specific
for each immunizing peptide, and were not cross-reactive
with the Acl-11 peptide. These data define the N-acetyl
group and residue 4 as determinants important in I-aY
binding, and residues 3 and 6 as determinants important in
TCR interactions (Figure 2 and Table 1).

Acl-11[4A] is heteroclitic both for I-Au binding and T cell
activation. Unexpectedly, this peptide is a poor immunogen
when tested in lymph node T cell activation experiments. It
appears that the heteroclitic analog induces a state of
specific unresponsiveness in potentially encephalitogenic,
Acl-11 specific T cells in vivo. On co-immunization with an
encephalitogenic dose of Acl-11, a three fold molar excess
of Acl-11[4A] significantly inhibits the disease induced by
injection of Acl-11 alone (Cell, in press). Further
experiments are required to determine whether heteroclitic
'blocking' analogs will provide a feasible means of immune
intervention. Precise characterization of disease
associated T cell epitopes may well provide a means of
predictably designing MHC 'blocking' peptides, as shown in
this study for the N-terminal peptide of MBP.
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Determinants for TcR interactions

b

Ac-ASQKRPSQRHG

o

Determinants for MHC interactions

Figure 2. Arrows point from each amino acid residue of Acl-11 to its
role as either a T cell or an MHC interaction determinant.
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In vitro I-A binding and T cell activation properties

of Ac1-11 substituted peptides

" u

A;:rti\c/:awon Bilnélng
Aci1-11 ASQKRPSQRHG ++ ++
Ac1-11[1S] SSQKRPSQRHG + nd
Aci-11[2A] SAQKRPSQRHG ++ nd
Aci-11[3A] ASAKRPSQRHG - +

Ac1-11[4A] ASQARPSQRHG -+ -+
Ac1-11[5A] ASQKAPSQRHG + nd
Ac1-11[6A] ASQKRASQRHG - ++
Ac1-11[7A] ASQKRPAQRHG ++ nd
Ac1-11[8A] ASQKRPSARHG ++ nd
Ac1-11[9A] ASQKRPSQAHG ++ nd
1-11[4A] + +
1-11[3A,4A] - ++

Ac1-11[3A,4A] - -+

*Data for T cell activation by substituted peptides [1A] through[9A] are summarized

from Acha-Orbea,

H. et al., 1988.
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Complex Regulation of MHC Class I Expression:
Constitutive and Modulated Patterns of Expression

B. David-Watine, M. Kieran, F. Logeat, A. Israél, and P. Kourilsky

The major transplantation antigens encoded by class I genes of the
major histocompatibility complex (MHC) play a key role in a number
of immunological processes, particularly in the recognition of
foreign antigens by cytotoxic T cells of the host (Zinkernagel and
Doherty 1980). The MHC class I heavy chain (37-45 kd) are non cova-
lently associated on the cell surface with the non-polymorphic beta-
2-microglobulin (beta=2m) light chain (12 kd).

The expression of the MHC class 1 genes of the mouse is developmen-
tally regulated : class I mRNA and proteins are not detected until
the midsomite stage of mouse embryogenesis (Ozato et al. 1985;
Morello et al, 1985). Then, they are expressed on most somatic cells
of the adult organism except on brain cells and certain cell popula-
tion of the placenta (David-Watine 1989a). They are not expressed in
undifferentiated embryonal carcinoma cells which exhibit a variety
of molecular and cellular properties characteristic of the early
embryo (Silver et al. 1983; Morello et al, 1982). Similarly the
beta-2m is expressed by virtually all adult cells, but not by embry-
onal carcinoma cells. However, its synthesis follows a different
time course during embryogenic development, so that it is not clear
whether common regulatory mechanisms control the expression of H-2
(Histocompatibility-2 : mouse MHC) and beta-2m genes (Morello et al.
1985; Sawicki et al., 1981),

Molecular cloning studies have revealed that most of the class I
genes (30 to 40 depending on the mouse strain) are located in the
Qa-Tla region (Winoto et al. 1983)., To this group of genes belong
those coding for the serologically defined Qa and Tla differentia-
tion antigens (Flaherty 1981). They are much less polymorphic than
the transplantation antigens like H-2K or H-2D and some of them dis-
play restricted tissue distribution : Qa-2 antigens are only expres-
sed in certain subsets of lymphoid cells (Rabinowitz et al., 1986)
and Ql0 expression is restricted to liver and fetal yolk sac (Cosman
et al, 1982; David- Watine et al. 1987). Furthermore, the expression
of Qa-Tla antigens has been documented at stages of embryonic deve-
lopment as early as the oocyte and 2-cells stage (Warner et al,
1987). The function of the proteins encoded by these genes remains
unknown,

The diversity in tissue distribution and developmental regulation
among class I molecules may reflect transcriptional control due to
various trans-acting nuclear factors interacting with different cis-
acting elements. For several years, our interest has been focussed
on the regulation of expression of the ubiquitously expressed

H-2KP gene. More recently, we have begun to analyse the regulatory

elements of the Ql0 gene, in order to get some insight of the mecha-
nisms by which class I genes may be so diversely expressed.
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DELETION AND EXPRESSION ANALYSIS OF THE H-2KP PROMOTER

Deletion analysis of the H-2K}P promoter has defined several re-
gions that are important for the expression and regulation of this
gene. These include an enhancer-like sequence (enhancer B : -120,
-61) and another enhancer sequence (enhancer A : =193, -158), which
overlaps an interferon response sequence, IRS (-165, -137), homolo-
gous to the sequence found in the promoter region of several human
genes responsive to IFN-alpha (Friedman and Stark 1985). Both of
these enhancer sequences are conserved inside the promoter of seve-
ral genes coding for classical transplantation antigens (H-2Kk,
H-2L4) but not in the promoter of class I genes located in the
Qa-Tla region, as for example in the promoter of the Ql0 gene. Two
mismatches in the sequence corresponding to enhancer A in the Ql0
promoter strongly decrease its stimulating activity when compared to
that of H-2KDP in mouse fibroblasts (Kimura et al. 1986). These
sequences display enhancer activity in cells that normally express
H-2 class I genes but not in undifferentiated embryonal carcinoma
cells like F9 cells.

The same positive trans—acting factor binds to enhancer sequences in
the promoters of the H-2KP and beta-2m genes

By various methods (gel retardation, DNAse footprint, methylation
interference) we have characterised a protein which binds to a
palindromic sequence located in enhancer A (-171 to -158). This pro-
tein, called KBFl, can also bind to a second imperfect palindrome
located in the same region (-187 to -176). Interestingly, this fac-
tor also binds to an analogous sequence located in the beta-2m pro-
moter and exhibiting enhancer activity (-127 to -116) (Israél et al.
1987). In vivo competition experiments using cotransfection with an
excess of the palindromic sequence indicate that KBFl is a positive
transacting factor involved in the expression of both H-2 and beta-
2m genes (Israél et al., 1987).

PURIFICATION OF KBFl

By using a combination of conventional chromatography and affinity
columns, we have purified the KBF1l factor to homogeneity : it is a
48 kd protein which displays binding characteristics similar to
those observed in crude extracts (Yano et al. 1987).

Enhancer binding activities present in F9 cells, before and after
differentiation

KBFl activity has been detected in all cell types tested so far, ex-
cept in undifferentiated carcinoma cell lines like F9 cells. These
cells can be induced to differentiate after treatment by retinoic
acid and dibutiryl cyclic AMP. This differentiation is accompanied
by the expression of class I antigens at the cell surface. It was
then interesting to check the status of KBFl activity before and
after differentiation.

By band shift assays we demonstrated that KBFl binding activity is
absent in undifferentiated F9 cells, but is induced after treatment
with retinoic acid and dibutyryl cAMP. These results were correlated
with the lack of activity in undifferentiated cells of expression
vectors harbouring binding sites for KBFl, while these constructs
are active in various differentiated cells (Isra&l et al. 1989).
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PURIFICATION OF KBF2

Another protein, designated KBF2, binds to the same sequence as KBFI
and is present in undifferentiated F9 cells, where it was first
selected, as well as in all differentiated cells tested so far., In
gel shift assay, KBF2 displays a higher affinity for the enhancer
sequence of beta-2m than for the homologous sequence of Kb, This
property was used to purify this factor to near homogeneity. It is a
58 kd protein which can bind to its target sequence either as a
monomer or as a dimer, depending on its concentration, while KBF1
only binds as a dimer (Isra&l et al. 1989).

Different strategies have been developed to clone the genes coding
for these two factors. Putative KBF1l cDNA clones have been isolated
and are analysed at the moment in our laboratory.

REGULATION OF CLASS I GENE EXPRESSION BY DIFFERENT FACTORS

A complex set of nuclear factors interact with the H-2KP enhancer
and is modified after treatment of the cells by TNF

By methylation experiments carried out on the entire enhancer A, we
confirmed the binding of KBFl to the proximal palindrome. However, a
second factor interacts with the interpalindromic region and part of
the distal palindrome, then blocking the interaction of a second
dimer of KBFl. Using nuclear extracts derived from HeLa cells indu-
ced by TNF, we observed that these two factors no more bind to their
related sequences and that a different set of proteins interact with
the palindromic sequences.

The IRS sequence potentiates the activity of the enhancer sequence

The H-2KD promoter can be induced by all three types of interfe-
ron. The IRS sequence 1is necessary for induction to occur but it is
active only when associated with a functional enhancer A sequence
(for example, that of KP or Ld), and is no more active when
associated with the homologous Q10 sequence nor with the 72 bp
repeat of SV40, However, the IRS sequence of Ql0 is potentially
functional, that is it can also increase the activity of an enhancer
A from L4 or Kb upon IFN stimulation (Isra&l et al. 1986).

Three cAMP responsive elements are present in the H-2Kb promoter

One element has been mapped within the enhancer A region correspon-
ding to an AP2-1like binding site and two others in the (-210, -181)
and (-109, -84) regions.

REGULATORY ELEMENTS INVOLVED IN LIVER SPECIFIC EXPRESSION OF THE Q10
GENE

We have compared the sequence of the proximal promoter regiom of Ql0
to that of the ubiquitously expressed H-2KDP; these sequences are
well conserved and can be aligned. We have found that nearly all the
sequences which are known to be involved in the ubiquitous expres-
sion of H-2KP are pontually altered or in some instances deleted
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in the case of Ql0. Conversely, most of the sequences of Q10 that
bind liver-specific factors are partially deleted or mutated in the
H-2Kb promoter. No liver factor binds to the sequence homologous

to enhancer A in the Ql0 promoter (David-Watine et al. 1989b). Our
results are summarised in figure 1.

As already discussed, the IRS sequence is functional. We are cur-
rently investigating the role of the different sequences which bind
liver-specific factors in the regulation fo Q10 expression by in
vitro transcription experiments and transfection experiments 1in
hepatoma cells and primary hepatocytes.

crep KBF  1gg CREB ATTGG CCAAT TATA

Fig. 1. The sequence upstream of the tramscription initiation site
of the H-2KbP and the QloO genes have been aligned and compared.
Sequences of the H-2Kb promoter known to be involved in the ubi-
quitous expression of this gene have been boxed. Identical sequences
(i1i.e. having the same functiom or binding the same factor) have been
boxed in the same fashion for Q10; sequences binding liver specific
factors are also indicated with black boxes.
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Organization and Reorganization of Antigen
Receptor Genes

R.M. Perlmutter

INTRODUCTION

The successful elaboration of immune responses in vertebrates is
critically dependent on the generation of a satisfactory
repertoire of antigen receptor structures capable of
discriminating the universe of pathogens from a similarly complex
set of autologous determinants. Diversification of antigen
receptors is achieved through somatically propagated gene
rearrangement events that juxtapose discontinuous germline gene
segments, forming lymphocyte-specific transcriptional units. The
combinatorial assembly of antigen receptor gene segments permits a
limited amount of germline genetic material to encode an enormous
repertoire of distinct recognition structures.

Four fundamental mechanisms underlie the diversification of
antigen receptors. These are: (1) the maintenance of several
hundred germline gene segments that contribute to the structure of
receptor variable regions, (2) combinatorial association of these
germline gene segments (3) flexibility in the DNA rearrangement
process that juxtaposes germline elements specifically in
lymphocytes, and (4) combinatorial association of polypeptide
chains that together determine the structure of the mature
receptor. These basic features of receptor diversification were
initially defined a decade ago for antibody genes (reviewed in
Tonegawa, 1983) and have since been shown to apply equally well to
T cell receptor genes (Davis and Bjorkman, 1988). In addition,
the antibody repertoire is further diversified through a process
of somatic hypermutation which introduces substitutions,
insertions and deletions into the rearranged antibody gene
sequence (Kim et al., 1981). During the three years since the
Sixth Congress of Immunology, considerable progress has been made
in characterizing the long-range structures of the antibody and T
cell receptor loci. In addition, a series of experiments have
illuminated the mechanism of DNA rearrangement in these gene
families, and have focused attention on the physical properties of
the recombinase that catalyzes this process. The process of
repertoire assembly has been dissected in considerable detail, and
has been shown to be developmentally regulated for both T cell and
B cell antigen receptors. Finally, an increasingly persuasive
data set favors the view that allelic differences in germline
receptor elements may contribute to disease susceptibilities in
man. These advances are summarized below.

ORGANIZATION OF ANTIGEN RECEPTOR GENES
There are seven known sets of rearranging genes that encode
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antigen receptors. These are the antibody heavy (H), « and i
genes, and the a, 8, v, and § genes of the T cell antigen
receptor. In each of these gene systems, gene rearrangement
events, which occur only in developing lymphocytes, are required
to create a functional transcriptional unit. Figure 1 diagrams
the gene rearrangement events that occur in the antibody heavy
chain locus during B cell development. Rearrangement begins with
juxtaposition of Dy and Jy gene segments. A Vy gene segment is
then joined to the D-J unit. This brings transcriptional
regulatory sequences positioned 5’ to each Vi segment into
proximity with an enhancer sequence ("E" in the Figure) located in
the intron between Jy and C,. There is some evidence that
transcriptional activity may be correlated with the rearrangement
process (Blackwell et al., 1986; Alt et al., 1987).

Germline Organization

M)n W2 Vgt D,_, Jy1-6 Cu cxons
Y SRS PR ¥ PRV R PRV/280 [ T I N T e e B o i ¥ 1
\\ '

~
~

|

! _ L.

. ! D-J Joining
\\ |

VH)n  Wu2 Vgt "~y Cu exons

28N 1 O N o PR Vi RN Y T 0 s o W o e 1 N S

\L Transcriptional

==~ Activation
7/ N
(i)n /W2 Vi1, Cu exons
,c_n_!:u_x\Jl_:l‘_ﬂ_D,_lﬁ,u,l_E i o W B § B9

\ /

. I \L Vi Element
T Joining
(M) n V42DJ Cy exons

1 O s 00 s o W s s | ,

\\

Fig. 1. DNA rearrangements form a functional antibody heavy chain
gene. The positioning of variable (Vy), diversity (Dy), joining
(Jy) and constant region (C,) elements is schematized, and the
order of rearrangement outlined.

Details of the physical organization of T cell receptor and
antibody genes have become increasingly available. In man, Vy,
Dy, and Jy gene segments have been physically linked on a 120 kb
DHA segment, where all are positioned in the same transcriptional
orientation (Schroeder et al., 1988). The total human Vg
repertoire includes at least 100 elements which span more than 10°
bp on chromosome 14 (Berman et al., 1988; Lee et al., 1987).
Interestingly, the most 3’ Vy element in the human genome is
expressed early in fetal development (Schroeder et al., 1987),
emphasizing the relationship between physical proximity to Jy gene
segments and the timing of rearrangement of V;; elements during
fetal ontogeny (Perlmutter et al., 1985; Yancopoulos et al.,
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1988). Alignment of the known human germline Vg sequences reveals
that there exist at least seven small families of Vy elements,
members of which share greater than 80% overall nucleotide
similarity (Fig. 2). This familiy organization has been conserved
throughout much of the mammalian radiation, as has the overall
organization of the heavy chain locus (Becker et al., 1989;
Schroeder et al., 1989; Wood and Tonegawa, 1983).

— 100

L - 90

- 80

L - 70

PERCENT SIMILARITY

- 60

L- 50

Fig. 2. Family organization of human Vy sequences. Shown is a
pairwise alignment of 30 presumed or confirmed germline human Vy
sequences with the percent similarity indicated for each
comparison on the Z axis. Redrawn from Schroeder et al., 1989.

A similarly detailed analysis of the human « light chain locus has
been conducted by Zachau, permitting the definition of more than
50 germline V, gene segments (Straubinger et al., 1988; Lorenz et
al., 1987; reviewed elsewhere in this volume). Rearrangement of
V, gene segments proceeds in some cases through an inversional
mechanism, as does rearrangement of the V,14 gene segment of the T
cell antigen receptor (Malissen et al., 1986).

Organization of T Cell Receptor Genes

Two forms of T cell receptor have been defined. These are
heterodimers of either a« and g chains, or y and § chains.
Examination of the genes encoding these chains reveals the
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multiple different configurations that rearranging gene families
may adopt to promote diversification. The human g8 locus is
positioned on chromosome 7 and is known to span at least 600 kb of
germline DNA (Lai et al., 1988). The murine B8 locus is similarly
organized (Chou et al., 1987; Lai et al., 1987). Diversification
of the B genes is achieved by use of J,, D, and V, gene segments,
the latter of which rearrange in some fnstgnces by inversion.
Like antibody heavy chains, T cell receptor g8 chain junctions
frequently contain additional nucleotides ("N regions") that are
added by a template independent process (Davis and Bjorkman,
1988). Diversification of the g chain repertoire also results
from the fact that D, gene segments are functional when read in
any reading frame, a” phenomenon rarely encountered in Dy gene
segments.

The o chain locus is unusual in two respects: it contains a very
large number of J_ gene segments spanning more than 80 kb of
germline DNA (Hayday et al., 1985; Winoto et al., 1985; Yoshikai
et al., 1985), and it contains the § locus imbedded within it
(Davis and Bjorkman, 1988). By simply enumerating the number of
gene segments in the o« and g loci, and estimating the extent of N
region diversification, the combinatorial variability for these
receptors can be calculated to provide a repertoire of more than
10 different structures (Davis and Bjorkman, 1988).

A similar type of analysis can be performed for the y genes,
believed to span about 200 kb of germline DNA in man (Lefranc and
Rabbitts, 1989), and for the § locus. Here the combinatorial
joining of multiple D; regions combined with N regifn diversity
permits assembly of a repertoire that may exceed 10 8 distinct
structures (Davis and Bjorkman, 1988).

MECHANISTIC FEATURES OF RECEPTOR GENE REARRANGEMENT

Fujimoto et al. (1985) first noted that thymocyte nuclei contain
extrachromosomal circular DNA elements. Cloning of these circular
DNA segments revealed that most derived from T cell receptor gene
rearrangement events (Okazaki et al., 1987). These studies
directly demonstrated that antigen receptor gene recombination
occurs through intramolecular deletion of intervening DNA.

Similar studies have since been reported for the ) light chain
gene rearrangements in immature chicken B cells (McCormack et al.,
1989), and for the o chain rearangements of the T cell receptor in
the mouse (Winoto and Baltimore, 1989). The latter analysis also
revealed that a chain rearrangement was not preceded by § chain
rearrangement, implying that «/g8 and v/§ T cells represent
distinct lymphocyte lineages.

A higher resolution view of the process of antigen receptor gene
rearrangement has resulted from studies of Abelson virus-
transformed pre-B cell lines which will satisfactorily catalyze
the rearrangement of heterologous recombination substrates
introduced by transfection or infection (reviewed in Alt et al.,
1987). These analyses have been particularly informative when
performed in a quantitative fashion using a shuttle vector system
that permits identification of a satisfactory rearrangement
through the acquisition of drug resistance in a bacterial host
(Hesse et al., 1987). From these studies it is clear that the
conserved heptamer and nonamer sequences which flank rearranging
gene segments are absolutely required for recombinase recognition.
Moreover, rearrangement in the majority of cases yields products
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in which the recombinase recognition sequences are seamlessly
joined in a head-to-head fashion [Lieber et al. (1988) and Lewis
et al. (1988) describe some significant exceptions]. Such studies
are placing important constraints on models of recombinase
function.

Three different experimental strategies promise to yield
considerable information regarding the structure of the
recombinase itself. First, a mouse strain bearing a recessive
mutation that results in a form of severe combined
immunodeficiency (SCID) has been shown to be defective in joining
the coding regions of antibody and T cell receptor genes (Lieber
et al., 1988). Thus detailed examination of the SCID mutation
promises to illuminate the genetic basis for recombinase function.
A more direct approach has been taken by Sakano and collaborators
who have preliminarily defined a nuclear protein in pre-B cell
lines that specifically interacts with immunoglobulin recognition
sequences (Aguilera et al., 1987). This binding activity appears
to be distinct from cleavage activities previously described by
the same group (Hope et al., 1986) and by others (Desiderio and
Baltimore, 1984). More dramatically, Schatz and Baltimore (1988)
have recently reported that fibroblasts can be induced to express
recombinase activity after transfection with exogenous human DNA.
Structural characterization of the "recombinase activator gene"
defined by this experiment is presented elsewhere in this volume.
By definition, this gene must either encode the recombinase itself
(a surprising result since the multiple enzymatic activities of
the recombinase might be presumed to be mediated by a complex of
many polypeptides), or a trans-acting inducer of recombinase
function. Molecular definition of the antigen receptor
recombinase and its mechanism.of action will continue to be an
exciting area of research in the coming years.

REGULATION OF ANTIGEN RECEPTOR GENE REARRANGEMENT

All antigen receptor gene segments are flanked by essentially
identical recombinase recognition signals, and yet rearrangements
of these gene segments are constrained by cell lineage and by
ontogeny. For example, T cell receptor gene rearrangements do
not, in general, occur in B lymphocytes. This phenomenon can even
be demonstrated following transfection of V,, D,, and J
recombination constructs into pre-B cell lines gxpressi g an
active recombinase machinery: D,-to-J, rearrangement events occur,
but V,-to-D, rearrangement does not (%errier et al., 1989). Such
obsereation have led to the view that "accessibility" of
substrate to recombinase is somehow regulated, perhaps by
controlling transcription (Yancopoulos and Alt, 1986; Perlmutter,
1987). A dramatic example of preferential rearrangement of
particular gene segments during ontogeny occurs in the case of
dendritic epithelial cells, which derive from an early set of
thymic emigrants and which express y/§ receptors of
extraordinarily limited diversity (Asarnow et al., 1989; Ito et
al., 1989).

Regulation of recombinase substrate choice may explain the
developmentally programmed rearrangement of antibody heavy and
light chain genes, and of T cell receptor g and a« chain genes.
Experiments conducted in transgenic animals or using Abelson
virus-transformed cell lines indicate that expression of a
functionally rearranged heavy chain gene suppresses further heavy
chain rearrangements, a phenomenon referred to as feedback
regulation (reviewed in Storb et al., 1988; Taussig et al., 1989).
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Similarly, lymphocytes from mice made transgenic for a functional
T cell receptor g chain do not exhibit endogenous g chain gene
rearrangements (Uematsu et al., 1988). Thus it is proposed that
the presence of a productively rearranged allele somehow alters
the accessibility of gene segments to recombinase. At the same
time, it is widely recognized that variable region gene
replacement can occur in the context of a previously functional
antibody gene-sequence (Levy et al., 1989), and suppression of
endogenous rearrangements in transgenic animals bearing functional
antigen receptor transgenes is often "leaky" (Bluthmann et al.,
1989; reviewed in Taussig et al., 1989). Hence the mechanisms
responsible for the regulation of recombinase activity and for
recombinase substrate selection remain obscure.

Even more mysterjous is the enzymic system that permits
juxtaposition of antibody heavy chain switch sequences and hence
the expression of a previously rearranged Vg~Pyg~Iu combination in
association with a new constant reglon sequence. Previous studies
have demonstrated that switch regions are positioned immediately
5’ to each set of constant region exons, with the possible
exception of C§. These switch regions are composed of multiple
small repetitive sequences, and rearrangements involving these
sequences can occur at any of a large number of sites spanning
more than 1,000 bp in each case (reviewed in Radbruch et al.,
1986). Jack and Wabl (1988) have demonstrated that switch
recombination probably occurs via intramolecular deletion, in a
fashion analogous to that which occurs during variable region
assembly. However the molecular basis for this phenomenon and the
means whereby appropriate regulation is achieved have yet to be
defined. Recently, it has been possible to direct isotype
switching through treatment of B cells with mitogen or IL-4
(Lutzker et al., 1988). Since this treatment also induces
transcription from the target gene sequence, it is possible that
switch recombinase accessibility is also regulated by
transcription. There is, however, no formal proof that
transcriptional activation is in any way required for subsequent
switch recombination.

SOMATIC HYPERMUTATION

The extraordinary diversification of receptor repertoire that
results from gene rearrangements is further amplified in the case
of antibody molecules by a process of somatic hypermutation. An
intriguing view of this phenomenon derives from the work of Weill
and colleagues who have demonstrated that the chicken A light
chain locus contains only a single functional V, segment.
Diversification of the chicken light chain repertoire results from
segmental gene conversion events using a series of pseudogenes
located 5’ to the functional V, gene segment as templates (Reynaud
et al., 1987). Measurements performed in an Abelson virus-
transformed pre-B cell line suggest that rearranged antlbgdy heavy
chain genes can accumulate substitutions at a rate of 10 events
per base pair per generation (Wabl et al., 1987). The majority of
these substitutions are almost certainly not the result of gene
conversion events. In the murine antibody response to
phosphorylcholine, substitutions do not appear to be donated by
closely-related germline sequences and in fact occur in regions of
the genome that are known to exist in only a single copy per
haploid genome (Perlmutter et al., 1984). Intriguingly, a
functionally rearranged transgene is an acceptable target for the
somatic mutation process (O’Brien et al., 1987). There is at this
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writing no satisfactory model to explain hypermutation in
rearranged antibody genes, however it is interesting to note that
the process may be regulated during the lifetime of responding B
cells, presumably to permit emergence of antibody secreting cells
producing molecules with high affinity for antigen (Siekevitz et
al., 1988).

FUTURE DIRECTIONS.

Research conducted during the last three years has provided
considerable insight into the structure of antigen receptor gene
families and the mechanisms responsible for the somatic
diversification of these sequences. With the nearly complete
dissection of the human T cell receptor and « light chain loci, it
will be interesting to learn whether allelic differences in
antigen receptor repertoires contribute in any way to variations
in disease susceptibility. Preliminary data supporting this view
have been adduced through the analysis of individuals suffering
from multiple sclerosis (Beall et al., 1989). It will be
interesting to learn whetherdifferences in primary antibody
repertoires, easily demonstrated as allelic variation in human Vy
gene segments (Willems van Dijk et al., 1989), affect the
incidence of rheumatologic illness or of recurrent bacterial
infection.

A more immediately revealing line of inquiry will result from
direct studies of the antibody recombinase. Structural
characterization of the protein(s) responsible for this activity
can be confidently anticipated in the next few years. The
regulation of substrate choice and of recombinase activity,
currently observed at the level of cell populations, may soon be
understood in molecular terms. These studies will also improve
our understanding of some forms of B and T cell malignancy in
which inappropriate selection of rearrangement targets results in
proto-oncogene activation (Cory, 1986). Finally, it will be
interesting to learn whether other gene systems utilize the
efficient strategies for diversification that are employed in the
antibody and T cell receptor gene families.
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The Human Immunoglobulin Kappa Genes

H.G. Zachau

INTRODUCTION

Most aspects of the work of our group on the human kappa locus have
been reviewed recently. Many results obtained up to last year were
included in an extensive review of the kappa genes of man and mouse
(Zachau 1989a). Evolutionary aspects of the kappa genes and our work
on the regulation of transcription of immunoglobulin genes have been
the topics of two other reviews (Zachau 1989b; Mocikat et al.,
1989). Finally, a brief survey of recent structural work, including
a simplified map of the kappa locus, appeared in the special issue
of Immunology Today, prepared for this Congress (Zachau 1989c). I
shall theregfore not write another general review but rather con-
centrate on two aspects: the development of the work on the human
kappa locus and its current state as presented in the form of tables
on gene numbers and related facts.

THE DEVELOPMENT OF THE WORK ON THE HUMAN KAPPA LOCUS

The human J, and C, gene segments were cloned first by Hieter et al.
(1980) and %he ear%y work on the human V, gene segments was by
Bentley and Rabbitts (e.g. 1980, 1983). Kt this time our group was
mostly involved in chromatin work. The object had been the chromatin
structure of repetitive DNA and of the mouse immunoglobulin genes of
the kappa type. The study of the inactive and active forms of im-
munoglobulin gene chromatin in mouse liver and myelomas, respec-
tively, required the availability of various gene fragments for
hybridization experiments. The cloning and sequencing work soon
acquired itsown momentum. Since the results obtained with the
immunoglobulin genes themselves were fascinating to us, the work on
immunoglobulin chromatin was slowly phased out. In 1981 we began to
look at human kappa genes in addition to the mouse genes. In fact,
the human gene segments were cloned with the help of the respective
mouse gene segments available in our lab. Our work of this time was
summarized a few years ago (Zachau et al., 1984).

In Table 1 the senior colleagues and Ph.D. students are listed
(dashed and full lines, respectively) who have worked on the struc-
ture, the rearrangements and the translocations of the human kappa
genes. Not included are diploma and medical students, but they have
of course contributed valuable results in the limited time available
for preparing their theses, i.e. mostly sequencing data in this
case. Also not included are those members of our group who worked on
mouse and human immunoglobulin gene chromatin and on the regulation
of transcription of the immunoglobulin genes. The contributions of
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Table 1. Contributors to the current picture of the human kappa locus

1981 82 83 84 85 86 87 88 89

M. Pech = o
H.R. Jaenichen

H.-G Klobeck = scmemmmmm e
B. Straubinger

H.G. Bauer

H.-D. Pohlenz

A. Meindl

E. Lotscher

R. Thiebe e
E. Huber

S. Deev e

W. Lorenz

W. Pargent
F.-J. Zimmer
K. Schéble
C. Huber

G. Weichhold
P. Borden  mdeeeee
R. Klein

K. Ermert —_—

A. Lautner —_—

the various members of our group to the understanding of the kappa
locus are documented in the publications. Just three of the senior
members should be mentioned here specifically. Michael Pech screened
the first human DNA libraries for V, genes, established the first
contigs and found the duplication o% large parts of the V, locus.
Gustav Klobeck isolated the VKII, IIT, IV, JK and C, gene segments
and contributed significantly to the understanding oOf the V_-J, and
Kde rearrangements as well as the chromosomal translocationé i%-
volving the kappa locus. Rainer Thiebe was and is responsible for
much of the VK gene sequencing in our lab.

It can be taken from Table 1 that up to now 18 post-doctoral and 43
Ph.D. student years were spent on the human kappa gene project. The
figures, as interesting as they are, can be used only with great

care in cost-efficiency considerations and probably not at all for
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Table 2. Cloned VK gene-containing regions, as of summer 1989

Kappa Locus
La, Xl, B-J-C-Kdel4 VK genes in 260 kb
Ob - Ab 23 " " 280 kb 70 VK genes
Oa - Aa 24 " " 250 kb in 930 kb
Lb 9 " " 100 kb
Orphons
W 11 " " 250 kb
005108} Chr2 1 " 40 kb 25 V, genes
Chrl 1 " " 45 kb in 800 kb
Chr22 5 " " 115 kb
z 7 " " 350 kb
ZIII in YAC 1 " " 200 kb
(ZI/II " 1 " " 780 kb)
Not yet assigned
cosl38 1 " " 40 kb

Homology Regions without V., Genes
Wx - - - 70 kb
Homox - - - 80 kb

extrapolation to other medium or large scale mapping and sequencing
projects. The reason is simply that at all stages of our work new
methods and concepts had to be developed; similar projects starting
now would require much less time and effort. It also should be kept
in mind that the work was done not in a pure research institution
but in an institute which is in charge of basic teaching of medical
students with lecturing and course work duties for the senior
workers and the Ph.D. students, respectively.
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Table 3. Cloned human V, gene loci, as of summer 1989

K
Subgroups
I II IITI IV others Total
Within the K locus
- sequenced bf 15 8 6 1 3 33
- " y (\V) 8 12 4 - 1 25 70
-~ isolated only 3 6 - 1 12
Orphons, sequenced
- W 4 6 1 - - 11
- viog ©hr2 1 - - - - 1
- Chrl 1 - - - - 1 20
- Chr22 2 2 1 - - 5
-2 2 - - - - 2
Orphons, isolated
only 5 - - - - 5 5
Not yet assigned
V138 - - 1 - - 1 1

THE CURRENT STATE OF STRUCTURAL WORK ON THE HUMAN KAPPA GENES

The 70 V, genes which were isolated up to now and assigned to the
kappa locus on the short arm of chromosome 2 are located on seven
contigs (Table 2 and Fig 1 in Zachau 1989c). The contigs were mapped
by pulsed field gel electrophoresis and work on linking them by
chromosomal walking is in progress. 25 V, genes were found to be
located outside of the kappa locus; they are called orphons. The 11
genes of the W regions were known to be located on chromosome 2;
recently they were assigned to the long arm of this chromosome
(F.-J. Zimmer, H. Hameister and H.G. Zachau, manuscript in prepa-
ration) and have therefore to be considered orphons. Two V,I gene
containing yeast artificial chromosmes (YACs) were donated by D.
Schlessinger, St. Louis, MO (Little et al., 1989); unfortunately
they turned out not to contain parts of the kappa locus but rather
orphon V., genes of the so-called Z family (W. Pargent, unpublished;
Straubinger et al., 1988). The two contigs without V, genes were
isolated in the course of chromosomal walking experiments (Pohlenz
et al., 1987, Klobeck et al., 1989). They cross-hybridize strongly
with the walking probes and the region which we call homox even
contains a 533 bp segment that is 96 % identical in sequence to a
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Table 4. Sequenced gene and intergenic regions (bp) as of summer 1989

in Munich elsewhere

VK gene regions within the locus 76.749 2.771
non " ,allelic sequences 9.208 8.971
"o " ,W and V108 14.919
nwoon " ,W alleles 3.358
non " ,orphons 17.681
Rearranged VK alleles 11.308 6.573
Kappa locus, other sequences 7.213 3.166

segment in the V,-J, intergenic region, but they are clearly not
K JK
part of the kappa locus.

In Table 3 the sequenced and not yet sequenced V, gene loci are
classified according to subgroups. Only germline genes isolated from
genomic DNA are listed here. It should be noted that the number of
pseudogenes (y—>y) is high and that not all bona fide (bf) genes may
be used in the repertoire. The number of functional V, genes may
turn out eventually to be lower than was previously e§pected.

With Table 4 a piece of statistics is presented which is interesting
mostly to the people directly involved in the work. In our lab all
sequences were determined by the dideoxinucleotide chain termination
method. For the genes, the regulatory elements and also for most of
the intergenic regions both strands of the DNA were sequenced. The
term allelic sequences is used for such germline sequences which
were determined in more than one individual and which show allelic
differences. Also the rearranged V, genes have to be considered
allelic to the germline genes since they are derived from other
individuals, in the past usually from cell lines, at present also
from cDNA libraries. The sequences determined elsewhere include for
instance the early data from the laboratories of Leder and Rabbitts
and the more recent ones of a group in San Diego (Liu et al., 1989
and earlier papers).

All sequencing in our 1lab up to now was directed towards gene seg-
ments, regulatory elements, UHO's (unidentified hybridizing
objects), translocation breakpoints or other features of interest.
No random sequencing was undertaken. Sequencing has become easier
since the seventies and early eighties when it took us several years
by the chemical method to accumulate 15 kb each of repetitive DNA
and of mouse immunoglobulin gene sequences (and, of course, since
the sixties when it took us from 1960-66 to determine the sequence
of 85 nucleotides of a tRNA). So it may become feasible soon to
sequence large intergenic regions or even the whole kappa locus. It
remains to be seen whether such data turn out to be interesting.
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CONCLUDING REMARKS

In the current work of our group we try to close the gaps between
the contigs and, with that, to establish the definite number of V
genes in the germline. In parallel the characterization of cloned
and still uncloned V, genes by blot hybridization has been refined
as reported on a pos%er at this Congress (Meindl 1989); it is
comforting to gather from the data that the number of still elusive
genes within the kappa locus seems to be small. A step towards
understanding the mechanism of transposition of V, genes to other
chromosomes is reported on another poster at this Congress (Borden
1989); certain sequence pecularities at the borders or insertion
breakpoints between orphon regions and the receiving chromosomes
were found. A topic of major interest is still the mechanism of

—JK rearrangement which can be described in sufficient detail only
wﬁen the structure of the kappa locus in the germline and in some
lymphoid cell lines is clarified. We would also like to find out
which V, genes are used in which developmental or perhaps
pathological states of the immune system; in this context various
cDNA libraries are being screened.

Since we have worked in the past with DNA from a number of
individuals, we can state with some confidence that not only the
basic features of the kappa locus but also many of its structural
details are conserved throughout the human species. However, it
becomes increasingly important now for several aspects of our work
to define more closely the differences between the genomes of
individuals, cell lines and possibly patients.

The work of our laboratory was supported by Bundesministerium fir
Forschung und Technologie and Fonds der Chemischen Industrie.
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Somatic Changes in the Immune Response to the
Hapten 2-Phenyl Oxazolone

C. Berek and M. Apel

INTRODUCTION

One of the longstanding central problems of immunology has been
whether the multitude of antibodies which can be produced within an
individual are all encoded in the germline or whether some part of
this diversity is generated by somatic mechanisms. By now it is
established that the V-regions of mouse antibody molecules are
assembled from different gene segments, Vi and Jix for the L-chain
and Vx, D and Ju for the H-chain. These gene segments exist in
multiple copies in the germ line. During differentiation from the
pre B-cell to the mature antigen specific B-cell, V- (D-) and J-
segments are somatically rearranged to give rise to the functional
V- or Vw-region of an antibody molecule (Tonegawa, 1983).
Combinatorial diversity results from the use of alternative
combinations of these gene segments. Junctional diversity occurs
from variations in the joining. These somatic
recombination mechanisms make it in principle possible to generate
an antibody repertoire of up to 10:° different molecules using a
germline repertoire of only a few hundred gene segments.

A further mechanism which might generate antibody diversity,
somatic mutation, does not seem to play an important role in the
generation of the primary B-cell antibody repretoire. One pre B-
cell line, 18-81, has been described in which V-region mutations
occur at a rate of 10-5/base pair/ generation (Wabl 1985). The
phenomenen of hypermutation with rates up to 10-3/basepair/
generation has been seen only in B-cells after antigenic stimu-
lation (Mc Kean et al 1984; Allen et al 1987; Berek and Milstein
1987). It has been shown that during the course of an immune
response somatic mutations accumulate and that this is accompanied
by an increase in the affinity for antigen. Hypermutation therefore
plays a crucial role in the maturation of the immune response.
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The maturation of the immune reponse to the antigen 2-phenyl-
oxazolone

Over the last few years the development of antibody diversity in
the immune reponse to the antigen 2-phenyl-oxazolone (phOx) has
been intensively studied. BALB/c mice were immunized with the
antigen phOx and at different timepoints after immunisation spleen
cells were fused. Hybridoma lines, which secreted antibodies with
specificity for the antigen phOx, were selected and mRNA of these
cell lines was prepared. Using specific oligonucleotides as primers
for cDNA synthesis the mRNA encoding the H- and L-chains of the
antibody molecules was directly sequenced (Griffiths and Milstein,
1985). The analysis of primary, secondary and tertiary antibody
molecules demonstrated that in the immune response to phOx
diversity within the antigen specific repertoire increases with
time. This diversification is characterised by:

a) a shift to alternative H- /L-chain combinations;

b) the accumulation of somatic mutations

Antibody diversity in the early primary response to phOx

The early primary response to the hapten phOx is rather
restricted. Kaartinen et al (1983) showed that the majority of the
antibody molecules had one particular H- and L-chain combination,
Vu-0x1 with Vi-Oxl. 1In the L-chains the Vi-Oxl segment was nearly
always Jjoined to Jx-5 presumably to conserve Leucine at position
96, the Vi- to Jx~-joining point. Indeed in the one exception where
Vi-Ox1 was combined with a Jx-4 segment, a Leucine codon was again
created by the joining process.

For the Oxl H-chains similiar restrictions were found. Although
the sequences differed in their D/J joinings by several nucleotides
certain features were strictly conserved (see Table 1).

Table 1 canonical sequence of H-chains found with Vi-Ox1l L-chains

D-segment Asp X Gly
D + FRW4 length always 16 amino acids
Ju-segment only Ju-2, 3 or 4

The first amino acid of the D-segment was always Aspartic acid and
the last residue Glycine. Only the middle residue showed
variability. In addition in all of these antibodies the Juz-segment
was combined to the D-segment in such a way, that CDR3’s of
identical length were formed.
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7 days after immunisation there was practically no evidence for
somatic mutation. Out of the 11 IgG antibodies sequenced only one
single nucleotide exchange which could be the result of somatic
mutation was found in a Vi-0xl1l L-chain.

Antibody diversity at day 14 of the primary response

A different picture was found during the late primary response. By
day 14 the majority of the antibodies still had the canonical
sequence shown in table 1. However these antibodies differed in
their V-regions by 1 to 4 nucleotides from each other (Griffiths
et al 1984). In the H-chains the mutations seem to be more or less
randomly distributed over the V-region. Nucleotide exchanges were
found both in the CDR and the FRW regions. A rather different
picture was obtained for the L-chains. Table 2 shows that in the
fusion NQ7 all Ox1l antibodies had nucleotide exchanges only in the
border region of CDR1 to FRW2. Actually they all occured in only 4
different triplets (Table 2, hybridoma lines from fusion NQ7). This
is even more surprising because these antibodies are not clonally
related as evidenced by their different joining regions.

Table 2 Mutations in Vi.-Oxl L-chains of day 14 antibodies
Vi-0Ox1 Vi
31 34 35 36 37 40 D Jx
hybridoma S H U Y Q S
AGT .... CAC TGG TAC CAG .... TCA GAT CGG GGG
T N H
NQ7/5.3 -C- A-- -—- Cme === - -—= -AT -—- 4
T N
34.3 -C- A-e —mm e - -— --- A-C --A 3
N F T
1.3 _— A-- === -T- ——- A-- R ———
N F
41.3 — A-— ——— -T- ——- —- --C -AC --—- 2
Q F
3.3 -—- -=G -== -T- -—- —— === =CT --—- 3
Q F
24.6 —— --G -—- -T- --—- -— -=A G-- --- 4
N F
H17/2.14 -— A== ~== -T- -—- —— == TT- --- 4
N F
L17/10.13 --C . [ - -—— ??2? === 3

data for hybridoma lines from fusion NQ7 taken from Griffiths et al
1984), for fusions H17 and L17 this manuscript
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Diversity in the secondary and tertiary response antibodies

Antibodies of the secondary response showed a further increase in
the number of somatic mutations (Berek and Milstein, 1987). Ox1
antibodies had the same mutations as described for the day 14
response in their L-chains. However at this stage of the immune
response additional mutations were observed at various positions of
the Vix-gene segment. The number of somatic mutations in Oxl1 H-
chains had likewise increased with time (Griffiths et al 1984).

A further increase of somatic mutations was found in the tertiary
response antibodies (Berek et al 1987). A striking result was that
without exception the Vi-0Ox1 L-chains had the characteristic
mutations at residues 34 and 36 already seen in the late primary
response plus up to 8 further nucleotide exchanges.

However somatic mutation was only one factor in the diversification
of the immune response to phOx. Whereas in the primary response
more than 70% of the antibodies had the Vi-/Vi-0x1 combination
this number decreased to less than 20% in the secondary and
tertiary response antibodies. This shift from a relatively
homogenous primary response to the much more heterogenous secondary
and tertiary responses is an integral part of the maturation of the
immune response (Berek et al, 1985). The shift is presumably not
caused by somatic changes of the immunoglobulin genes. A switch
from one Vi~ gene to a different one has so far only been described
for an early B-cell line (Reth et al 1986) or for a Lyl B-cell
lymphoma (KLeinfield et al 1986). What is happening seems to be the
result of complex cellular interactions about which we currently
know very 1little. Antigen selection, idiotypic regulation,
compartmentalisation of B-cells at various differentiation stages,
senescence of clones, all may contribute to the change in the
antibody repertoire from the primary to the secondary and tertiary
response.

Hypermutation in primary and memory B-cells

In the early primary response, 7 days after immunisation, practi-
cally no somatic mutations were seen (Kaartinen et al 1983; Cumano
and Rajewsky, 1985; Wysocki et al 1986). However a high frequency
of mutations were found at day 14 (Griffiths et al 1984). These
results suggested that the hypermutation mechanism is activated in
B-cells only after antigenic stimulation. This viewpoint was
further supported by the work of Manser and Gefter (1986), whose
idiotypic suppression experiments indicated, that B-cells express
germline encoded V-genes prior to antigenic stimulation. In the
experiments of Siekevitz et al (1987) memory B-cells, which
harboured somatic mutations were transferred into recipients and
reactivated by anti idiotypic antibodies. The interesting result
was that no further mutations were introduced into the V-regions of
these memory B-cells. In the adoptive secondary response memory B-
cells proliferated in the absence of somatic hypermutation which
indicates that the hypermutation mechanism has been turned off with
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the differentiation of the primary B-cell to the memory cell. It is
an open question whether antigen under physiological conditions
could reactivate the hypermutation mechanism in memory B-cells. In
favour of this view are the results obtained in the immune response
to phOx where it was found that the number of somatic mutations
accumulates from the primary, to the secondary and tertiary
response (Table 3).

Table 3 accumulation of somatic mutations in Oxl antibodies

timepoint No of antibodies No of somatic no of somatic mutation/

sequenced mutations 1000 base pairs
1° day 7 11 1 0,2
day 10 3 6 3
day 14 6 29 8
20 3 25 14
30 3 47 26

The data imply that after each antigenic boost memory cells may re-
enter the hypermutation and selection process (Berek and Milstein,
1988). The stepwise accumulation of somatic mutations with
increasing exposure to antigen, is parallel by increasing affinity.
Therefore it becomes unlikely that affinity maturation is achieved
solely by the outgrowth of a few hypermutated and at the same time
high affinity B-cell clones.

The onset of somatic mutations

Antigen activated B-cells are believed to settle in the follicles
where strong B-cell proliferation takes place. This leads to the
formation of germinal centers (Nieuwenhuis and Opstelten 1984). It
has been suggested, that it is at this stage of B-cell differen-
tiation that the somatic hypermutation mechanism is initially
activated (MacLennan and Gray 1987). Germinal centers desintegrate
as B-cells leave the follicles to develop into plasma- and/or
memory B-cells. This may be the period when antigen selection takes
place. It has been suggested that only those germinal centre B-
cells further differentiate whose antigen receptors are have been
modified by advantagous mutations (Berek and Milstein 1988).

In order to look at the onset of somatic hypermutation, germinal
center B-cells, defined by their strong binding to Peanut
agglutinin (PNA®RYt), were isolated from the spleens of phOx immune
mice. PNA®* and PNA*e B-cells were sorted 10 days after primary
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immunisation of mice when germinal centers are strongly developed.
Cells were fused, hybridoma lines with specificity for the antigen
isolated and mRNA sequenced to determine the primary structure of
H- and L-chain molecules.

The results show that at this timepoint antigen specific hybridoma
lines can be obtained mainly from the PNA®* subset of B-cells
(manuscript in preparation). The variable regions in these
antibodies are mutated, but the pattern of somatic mutations is
different from that of the day 14 antibodies. For example in the V-
regions of the Vi-Oxl L-chains the characteristic mutations at
positions 34 and 36, shown in table 2 for splenic hybridoma 1lines
from day 14, were missing. The other striking result was, that 65%
of the mutations were silent, which is far more than one would
expect by a random distribution (25%).

From a fusion of PNAr* (fusion H17) and PNA*e (fusion L17) binding
B-cells 14 days after immunisation, three phOx specific hybridoma
lines were isolated, which all expressed the Vi-Oxl L-chain. One of
the 1lines derived from PNA®* B-cells had as many silent mutations
as found for the day 10 antibodies. The other two lines H17/2.14
and L17/10.13 had in the their L-chains the mutations only at the
positions 31, 34 and 36, confirming the data of the day 14 splenic
fusion (Table 2).

These data suggest that 10 days after immunisation somatic hyper-
mutation has diversified the V-regions of the PNA®* binding B-
cells, however selection by antigen has not yet 1led to the
preferential expansion of B-cell clones expressing avantageous
mutations. This was found only when PNA®* and PNA'e expressing B-
cells were isolated 14 days after immunisation.
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The Lymphoid V(D)J Recombination Activity:
Studies of Exogenous Plasmid Substrates in Whole Cells

M.R. Lieber, J.E. Hesse, S.M. Lewis, D.R. Brown, M. Sadofsky, K. Mizuuchi,
and M. Gellert

The V(D)J recombination activity recombines V, D and J segments at
the Ig and TCR loci to generate the variable domain exons of the
genes encoding the antigen receptors for humoral and cell-mediated
immunity. We have been interested in understanding the mechanism

of this DNA recombination reaction and how the activity which
mediates it is targeted to the loci and regulated during B and T-
cell differentiation. For our investigations, we developed an assay
that allows the recombination activity in cells to be measured and
the products of the reaction to be readily recovered. The assay uses
DNA substrates that remain extrachromosomal after transfection into
eukaryotic cells and are recombined by the V(D)J recombination
activity (Hesse et al. 1987). These substrates contain V(D)J
"joining signals", the characteristic DNA sequence motifs that are
found adjacent to each V, D and J segment at the Ig and TCR loci and
that serve as recombination signals. Each signal sequence consists
of a heptamer and an A/T-rich nonamer separated by a nonconserved
spacer sequence. A recombination event is directed by two signals,
one with a 12-base spacer (a 12-signal) and the other with a 23-base
spacer (a 23-signal). Standard V(D)J recombination generates two
recombinant junctions; coding elements are fused in a "coding joint",
generating a region of continuous coding sequence, and joining
signals are fused at their heptamers in a "signal joint". Typically
a few nucleotides are lost from one or both coding ends in a coding
joint. Non-template directed nucleotide addition is also usual.
This base loss and addition adds to the diversity generated by coding
segment joining.

Features of the Reaction Mechanism

Recombination of extrachromosomal substrates in this assay has
suggested several mechanistic features of the V(D)J recombination
reaction. In early studies, we found that V, D or J coding element
sequences are not necessary for the reaction and can be replaced by
other sequences at will; the 3joining signals themselves are
sufficient to direct recombination (Hesse et al. 1987). Similar
results have been obtained by Akira et al. (1987). (Note that the
DNA sequences in our plasmid substrates that are positionally
analogous to coding element DNA are still referred to here as "coding
ends", and their junction as a "coding joint").

Joining signals in either direct or opposed alignment can be used.
Directly aligned signals result in inversion of the intervening DNA
and formation of both a coding and a signal joint. Opposed signals
lead to deletion, with either a signal joint or a coding joint
retained on the recombinant plasmid, depending upon whether the
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signals had heptamers or nonamers proximal. On plasmid substrates,
we find inversion and deletion at comparable frequencies (Hesse et
al. 1987), suggesting that signal and coding joint formation may be
coupled in the recombination reaction.

More recently, we have observed that signal ends are also subject to
nucleotide addition, although unlike coding ends, base loss at signal
ends remains quite rare (Lieber et al. 1988a). The observation that
signal ends can be modified by base addition, even if somewhat less
frequently than coding ends, has suggested that coding and signal
ends may not be treated so dissimilarly in a reaction intermediate
as was originally thought. The inserts at signal joints, like those
at coding joints (called N-regions) are GC-rich, and their incidence
is directly related to the cellular 1level of terminal
deoxynucleotidyl transferase (Lieber et al. 1988a).

Terminal transferase has previously been postulated to be responsible
for the inserts at coding joints (Alt and Baltimore 1982; Desiderio
et al. 1984). However, we find the frequency of coding joints with
inserts to be high over a wide range of terminal transferase activity
levels. Terminal transferase in vitro has a known preference for
adding G residues. The fact that the inserts remain GC-rich even in
cell lines with very low terminal transferase activity suggests
either that extremely low levels of terminal transferase may be
sufficient to produce a high incidence of nucleotide insertion at
coding joints, or that other activities may contribute to coding
joint inserts and may become apparent in cells with no terminal
transferase. However, the inserts produced by such activities would
have to display the length distribution and base composition typical
of immune inserts. One activity reported by Roth et al. (1985) makes
inserts that are A/T -rich and typically one base long, and would not
be a plausible candidate.

There is a noteworthy sequence asymmetry of the signal joint
insertions, a great excess of G over C when reading 5' to 3' from the
12-signal toward the 23-signal. If terminal transferase is adding
the nucleotides, its preference for adding G residues would indicate
that it is starting at the 12~signal end (Lieber et al. 1988a).

Other recent experiments with plasmid substrates have revealed
unusual products of V(D)J recombination which demonstrate that the
partners joined in this reaction are not stringently specified, as
is sketched in Fig. 1. (Lewis et al. 1988).

In addition to the standard products in which coding ends are joined
to each other and signals ends are joined to each other, a coding end
can join either to the partner signal forming a "hybrid joint" or to
its own signal forming an "open and shut" joint. (Open and shut
junctions are non-recombinant but can be detected through the
nucleotide loss and addition at the joint.)

Hybrid joints occur at 20% of the frequency of the standard reaction,
but the frequency of open and shut joints is much lower (about 2%).
As at coding and signal junctions, base insertion is also common at
both these types of novel junctions, and it is again the coding ends
that show nucleotide loss whereas signal ends usually do not. This
consistent treatment of coding and signal ends in all the types of
junctions suggests that the V(D)J-mediated reaction forming hybrid
junctions may be closely related to standard joint formation.
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Fig. 1. Cartoon comparing standard recombination, hybrid joint
formation, and open and shut events. A portion of the plasmid sub-
strate containing a 12-signal (open triangle) and a 23-signal (filled
triangle) is shown at the left. The boxes designate the DNA sequences
positionally analogous in the reaction to coding element DNA flanking
the 12-signal (open box) and flanking the 23-signal (f;lled box) .
V(D)J-mediated products are shown at the right and include all
conceivable combinations of coding and signal ends, underscoring a
remarkable flexibility in the V(D)J recombination reaction.

Severe Combined Immune Deficiency (SCID) as a Tool for Studying
V(D)J Recombination

Murine severe combined immune deficiency is an autosomal recessive
defect in which homozygous mutant mice fail to develop mature B and
T cells (Bosma et al. 1983). Stimulated by the findings of abnormal
rearrangements at Ig and TCR loci (Schuler et al. 1986), we studied
the V(D)J recombination reaction in scid 1lymphoid cells with
extrachromosomal substrates (in collaboration with M. J. Bosma's
laboratory) and found abnormalities in both coding and signal joint
formation (Lieber et al. 1988b). Our results are summarized in Fig.
2.

Coding joints were not detected at all, either in inversional or
deletional recombination; their frequency must be reduced at least
100 to 1000 fold. Signal joints were formed and, although 50% of
these were structurally like the signal joints formed in normal
cells, the remainder had lost nucleotides from one or both signal
ends. These deletions were mostly confined to the heptamers, but
some larger deletions were also recovered. In those signal joints
that showed base loss within the heptamers, nucleotide addition
occurred nevertheless and at an increased frequency relative to
signal joints from normal cells and non-deleted signal joints from
scid cells. These deleted signal joints demonstrate that retention
of the heptamer nucleotides in the final product is not necessary for
base addition. When signal deletions extend more than one base pair
beyond either heptamer, however, nucleotide addition drops markedly.

Though coding joints were not detectable in scid cells, coding ends
were joined if they shared DNA sequence homology (Lieber et al.
1988Db) . Instead of being 3joined end-to-end as in V(D)J
recombination, the two DNA ends underwent homologous recombination
and retained only one of the two DNA sequence homology blocks. The
fact that the signal joint could be generated by V(D)J recombination,
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Fig. 2. Summary of recombination reactions in normal and scid
lymphoid cells. Plasmid substrates, shown at the left, differ only
in the arrangement of the joining signals. In normal cells,
depending upon the signal arrangement, V(D)J recombination results
in deletion, forming a signal or a coding joint, or inversion,
forming both standard joints or a hybrid joint. In scid cells,
signal and hybrid joints are recovered, but no V(D)J-mediated coding
joints from either deletion or inversion. Symbols are as in Fig. 1.

with a junction of coding ends resolved by homologous recombination,
indicates that the two halves of the V(D)J recombination reaction can
be uncoupled from one another.

Although we found no V(D)J-mediated coding joints in scid cells, we
did detect hybrid joints, indicating that coding ends can participate
in alternative V(D)J recombination reactions even though they fail
to join to one another. This and the fact that the ends can undergo
homologous recombination suggests that the coding ends are not being
destroyed.

We find that the single genetic defect in scid mice affects signal
and coding joint formation identically in pre-B and pre-T cell lines
from these mice. This is the firmest evidence for a common V(D)J
recombination activity for B and T cells.

Mutational Analysis of the Signal Sequences

By testing extrachromosomal substrates with systematically altered
joining signals in our recombination assay, we have studied the
signal sequence requirements of the V(D)J recombination reaction
(Hesse et al. 1989). Although we find no signal variant to recombine
more efficiently than the consensus joining signal sequences, many
recombine nearly as well. This flexibility in the signal sequence
emphasizes the existence of mechanisms other than signal sequence
recognition for targeting genomic loci for recombination, because of
the large number of potentially acceptable signal sequences expected
to occur within the genome.

Many other signal variants are moderately tolerated, displaying a
wide range of recombination efficiencies. These differences may be
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Fig. 3. Contribution of individual nucleotides to V(D)J signal use.
The heptamer and nonamer consensus sequences are shown. Signals with
altered nucleotides were tested for recombination. Dark, medium,
light, and no stippling indicate, respectively, the most essential
nucleotides, the less essential nucleotides, the nucleotides whose
alteration had only slight effect, and nucleotides that were not
tested. Dark stippling of the boxes enclosing spacer length
indicates that changes in these lengths were accommodated poorly.

relevant to temporal and developmental biases observed in coding
element usage during variable domain exon assembly. The deviation
of some signals flanking endogenous coding elements from the
consensus sequence, and its possible effect on recombination
efficiency, might contribute to the nonrandom use of coding elements
observed during endogenous gene assembly at some loci (see Hesse et
al. 1989 for references). Figure 3 gives a graphical summary of our
results.

The nucleotides most critical in the reaction include the 3 coding-
proximal bases of the heptamer and positions 6 and 7 of the nonamer,
counting from the heptamer-proximal side (Figure 3). It is not
important to maintain the 5 consecutive A's that charaoterize the
consensus nonamer sequence, suggesting that neither melting nor
bending in the nonamer plays a role in the reaction. In general, the
heptamer is the most important part of the signal; although
inefficient, a "nonamer-less" signal still works, while a "heptamer-
less" signal does not. The length of the spacer sequence is a
critical feature for efficient recombination; when spacer length is
changed by more than one base pair, the recombination frequency drops
to the level of a "nonamer-less" signal.

Directionality of the signal is determined by the position of the
nonamer relative to the heptamer. In the absence of an effective
nonamer, the middle A/T of the otherwise palindromic heptamer
influences which side of the heptamer is used for the recombination
crossover. Except for allowing either end of the heptamer to be
used, heptamer symmetry is unimportant in the reaction; a signal in
which the rotational symmetry of the heptamer has been completely
disrupted still works quite well.

We find no evidence of a role in recombination for homology between
the signals; in no example was the activity of a defective signal
restored when it was tested with a partner signal altered so as to
restore the homology between them. Thus, models that invoke direct
DNA-DNA interaction via base pairing between the signals, such as the
"stem-and-loop" model, are inconsistent with our mutational analysis.
Our results favor instead a model in which the joining signals serve
as recognition and binding sites for recombination proteins. In
addition, our results suggest the possibility that the two signals
are recognized by the same protein species; not only are the heptamer
and nonamer motifs common to both signals, but in our experiments
both signal types display very similar profiles of base identity
requirements, perhaps reflecting essential protein contact points in
common.
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Requlation of the V(D)J Recombination Activity

By testing extrachromosomal substrates for recombination in a wide
variety of cell lines, we determined that the V(D)J recombination
activity is restricted to hematopoietic lineages, and present in
early B, early T and early myeloid cell lines (Lieber et al. 1987).
our results are summarized in Fig. 4. Within the B-cell lineage, the
activity level is highest at the earliest committed stage, lower in
the later stages, and shut off at or around the mature B cell stage.
However, it appears that surface Ig alone is not sufficient to shut
the activity off, weighing against simple models of feedback
inhibition.
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Fig. 4. Distribution of V(D)J recombination activity among
hematopoietic cell types. The pathway of hematopoietic
differentiation is summarized. Known lineage relationships are

indicated by solid lines, more tenuous relationships by dashed lines.
A circled (+) or (-) above a cell stage indicates the presence or
absence of detectable V(D)J recombination activity in that cell
stage. Specific cell lines representing each stage (only a subset
of those tested) are named below it.
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Plasmid Substrates: A System for Exploring V(D)J Recombination

The plasmid assay system has revealed many interesting features of
V(D)J recombination. At the same time, our results are consistent
with events detected, though with much greater difficulty, at the
endogenous loci and in exogenous substrates that integrate into the
cellular genome. The parallels confirm that recombination of
plasmids accurately mimics normal V(D)J recombination.

Among these parallels are the use of heptamer-spacer-nonamer signals
to direct V(D)J-mediated inversion or deletion, with the coding
joints displaying base loss and GC-rich insertions, and the signals
being precisely retained in the signal Jjoints. While signal
junctions isolated from endogenous gene rearrangement often show
precisely fused heptamers, many others have bases between the
heptamers (Korman et al. 1989; see Lieber et al. 1988a for other
references). These latter examples fit well with the results from
plasmid substrates which show that signal joint inserts are not
unusual. 7

The other types of V(D)J junctions generated on plasmid substrates
have also been detected elsewhere (see Lewis et al. 1988 for
references). Hybrid junctions have been isolated at endogenous loci,
and in exogenous recombination substrates that are integrated into
the host cell genome. An example of an open and shut junction has
been reported at the TCR delta locus.

Consistent with our findings with plasmid substrates in lymphocytes
derived from scid mice, V(D)J-mediated coding junctions are not
recovered from cultured bone marrow cells (Okazaki et al. 1988) or
from cell lines derived from these mice (Kim et al. 1988; Malynn et
al. 1988; Blackwell et al. 1989). However, signal joints can be
recovered (Blackwell et ai. 1989). Hybrid joints, detected with
plasmid substrates in scid lymphocytes, may also have been detected
at the IgH locus of scid cells (Okazaki et al. 1988; Kim et al.
1988) .

Our results on mutations in the joining signals fit well with the
conservation of Jjoining signal sequences observed among the
endogenous genes. All those nucleotides identified in our study as
functionally significant are known to be highly conserved (Hesse et
al. 1989). The requirement for two different signal types with
defined spacer lengths, a critical feature according to our plasmid
assay results, is also well-conserved. We find "nonamerless" signals
to be inefficient but functional; consistent with this are the many
examples of recombination involving a lone heptamer that have been
reported at the endogenous loci.
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Early Expression of Ig-Related Genes in the Human
B-Cell Lineage

M. Fougereau, A.-M. Cuisinier, E. Fumoux, V. Guigou, M. Milili, D. Moinier,
C. Schiff, and C. Tonnelle

INTRODUCTION

B cell differentiation may be studied by analysis of Ig gene expres-
sion that follows sequential gene rearrangements (VH-D-JH; VL-JL) of
the classical H,M,\ loci. This has been extensively studied in the
mouse (Alt et al. 1986) for which a preferential utilization of the
most proximal 3' VH genes early in ontogeny has been reported (Yan-
copoulos et al. 1984). Kinetics of human Ig gene expression is less
substantiated, although it was reported by Gathings et al. (1977)
that Ig-expressing B cells occurred as early as the 7th week of ges-
tation in human fetal liver. Recent characterization of human Ig V

( Kodaira et al. 1986; Pohlenz et al. 1987) and Ig C (Ddriavach et
al. 1987) genes has been described, making specific human Ig probes
available. We have identified early Ig transcripts from human fetal
tissues, revealing a discrete expression pattern of V genes as com-
pared with the adult repertoire. A germline gene and cDNAs of the
A-like family have been isolated and shown to be the mouse A5 equi-
valents. Heavy chain transcripts have been obtained, providing evi-
dence for the occurrence of an early switch mechanism in ontogeny.

SEQUENTIAL EXPRESSION OF VH AND VX FAMILIES IN HUMAN ONTOGENY

Ig-specific RNA expression has been analyzed by dot blot hybridiza-
tion. At 6 weeks of gestation, there was no detectable signal with
either probe (Cy, CXR, CA). CP transcripts only were found in 7 week
old human fetal' liver (Fig. 1) suggesting that a majority of pre-B
cells was contributing most of the Ig gene mRNAs. When tested with V
probes covering the 6 VH (Berman et al. 1988) and the 4 Vx (Pohlenz
et al. 1987) families, only VH5 and VH6 transcripts were identified,
pointing to a preferential expression of these 3' terminal genes

( Cuisinier et al. 1989) at the onset of Ig gene transcription. This
distribution is in sharp contrast with that observed in the adult
(Fig. 1) for which the major subgroups were VH3dVH2 > VH1. Major Vy
families were VX1 and VX4, the latter result being somewhat surpri-
sing since this family contains only 1 member (Klobeck et al.1985).
EBV clones have been derived from 11 week old bone marrow, and were
individually tested for expression. The average values of 20 clones
are represented in figure 1. Values for both the VH and the VXfami-
lies indicated that the expression pattern was close to that of the
adult, suggesting a rapid development of the V repertoire between
the 7th and the 11th week of gestation. EBV clones were tested for
natural antibody specificity on a panel including 8 antigens ( actin
myosin, tubulin, HSA, transferrin, thyroglobulin, myoglobin and DNA)
by B. Guilbert and S. Avrameas ( manuscript in preparation).Whatever
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the origin of clones (fetal or adult), the same percentage, i.e. 10
to 157 was found to be polyspecific, as defined by fixation of at
least 3 antigens. The usage pattern of VH and VR families of these
clones did not differ from that of '"non specific" clones, suggesting
that polyspecificity was not linked to a restricted repertoire.

Fig. 1. Relative expression of VH and Vy families in 7 week old human
fetal liver, in EBV clones derived from 11 week old bone marrow (ave-
rage of 20 clones), and in adult peripheral blood cells.

ISOTYPE SWITCHING OCCURS EARLY IN ONTOGENY

Screening of a human fetal liver cDNA library ({ 90 days) with C-Ig
(p,*,x,h )probes led to the isolation of 10 heavy chain clones that
were characterized by restriction mapping and partial sequencing. As
no regular light chain clone was found, it seems likely that the B-
lineage library was mostly derived from pre-B cells. Three trans-
cripts were potentially functional, with a complete V-D-J-C coding
region, one p, one ¥2 and one ¥4, using VH4, VH3 and VH1 family genes
respectively. The presence of ¥2 and ¥4 members was unexpected since
these isotypes have been reported to occur late in development (Bur-
rows et al. 1981). This observation strongly suggests that a "switch
like" mechanism may operate early in ontogeny, possibly in the absen-
ce of light chains. Seven sterile heavy chain transcripts have also
been isolated, one Cp and 6 C¥1. The sterile Cp contained the 5' UT
germline region. The¥clones possessed, 5' to C¥l, a stretch that was
spliced from the S¥1 switch region. They may show the opening of the
¥1 locus and may indicate that a classical switch to ¥1 is about to
operate in a number of cells (Stavnezer et al. 1988). Altogether,
these observations suggest that a switch mechanism may operate ear-
ly in ontogeny, i.e. before the 12th week of gestation.
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THE A-LIKE CLUSTER (l4.1; 16.1; FAl) IS THE HUMAN COUNTERPART OF THE
MOUSE M\-5 GENE

Screening of the human fetal liver cDNA library with an Ig-CAprobe
also allowed us to isolate 2 clones, FAl and FA8 that contained an
identical C A-like region 857 homologous to the classical CA genes.
FAl and FA8 differed from one another by a splicing event that joins
a JA -like to a CA-like exon, in the absence of any DNA rearrange-
ment (Fig. 2). These 2 clones represented transcripts of a A-like
gene that was shown to be the third non allelic member of the 14.1/
16.1 CA-like family (Chang et al. 1986). The 3 genes were clustered
on a 200 kb Sst II fragment, as shown by pulsed field gel electropho-
resis. They were located by in situ hybridization on the gq-11 band
of chromosome 22. Homologies between FAl and the mouse AS gene
strongly suggest that.the JAl-like and the CA-like regions correspond
to exons 2 and 3 of the mouse A5 described by Kudo et al. (1987).
Since FAI/FAB appeared to be a pseudogene, because of a single nu-
cleotide deletion in the CA-like exon, the actual candidate for a
human equivalent to )5 appears to be either the 14.1 or 16.1 ( or,
alternatively both) gene. Elucidation of the complete human A -like
gene was obtained at the germline level, in a cosmid clone given by
M-P Lefranc et al. (unpublished results), using a DNA fragment that
contained an homologous exon of similar length located 5' of CAl
onto which it occasionally spliced (P. Guglielmi, in preparation).
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Fig. 2. Comparison of the restriction maps of FAl/FA8 cDNAs to 1l4.1
and 16.1 A-like germline genes. JM» and CA-like exons are boxed.
Restriction sites: B, Bam HI; Ba, Bal I; H, Hinc II; P, Pst I;

Pv, Pvu II; S, Sst I; Sa, Sal I; Sm, Sma I.

This clone, which had the 14.1 reported CA-like sequence, contained
3 putative exons with an open reading frame and the canonic spli-
cing signals. The 3 exons were 61, 66 and 757 homologous to exons

1, 2 and 3 of mouse A5, with lengths of 69, 38 and 106 codons, res-
pectively. A specific probe, containing exon 1 was shown to selecti-
vely hybridize with pre-B cell line mRNAs, at 1 kb (Fig. 3). The l4.1
gene would thus encode a "fetal" light chain that may associate with
the p chain in pre-B cells, such as the 18,000 W chain ( Pillai and
Baltimore 1987). Since the 14.1 gene contains 213 codons, correspon-
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ding to a polypeptide of ca 22,000, the encoded chain might neces-
sitate a splicing event or the removal of a NH2—terminal signal
peptide.

12345678

Fig. 3. The 14.1 gene is expressed in pre-B (Nalm 6, Nall 1, and
REH-KM3, lanes 1, 2 and 3, respectively), but not in B nor T cell
lines (lanes 4-8). Exon 1 of the 1l4.1 gene was used as a probe in
this Northern blot.
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Adhesion Receptors Regulate Antigen-Specific
Interactions, Localization, and Differentiation in the
Immune System

T.A. Springer

Antigen-specific killer T cell interactions require cooperation between
the T cell receptor for antigen (TcR) and the adhesion molecules on the
T cell known as LFA-1, CD2, and CD8 (Springer et al.1987; Martz, 1987;
Kishimoto et al.1989; Bierer et al.1989). The high degree of
cooperation required between these molecules for successful T cell
interactions is illustrated by the ability of monoclonal antibodies
(mAb) to each of these structures individually to inhibit T cell
mediated killing. All of these molecules are involved in adhesion, and
many are also involved in the signalling events attendant upon antigen
recognition. Thus, they are most properly referred to as adhesion
receptors. The properties of these receptors, and the counter-receptors
to which they bind, all of which are glycoproteins, are summarized in
Table 1.

TABLE 1: CHARACTERISTICS OF T CELL ADHESION RECEPTORS & COUNTER-RECEPTORS

Mass Counter- Mass
Receptor (KDa) Distribution Receptor (KDa) Dist.
LFA-1 «180,895 Thymocytes, T&B ICAM-1 90-110 Restricted,
widely
(CD11a/CD18) lymphocytes, LGL (CD54) inducible
monocytes, activated by IL-1,
macrophages, neutrophils TNF, IFN-vy
& LPS
ICAM-2 45 wide?
Constitutive
on endothelial
cells.
CD2 50-58 Thymocytes, LFA-3 55-70 Wide
(LFA-2/T11) T lymphocytes, LGL (CD58)
CcD8 30-38,a-a Subset of thymocytes & MHC ad4,B12 Wide,
or a-f dimer lymphocytes,LGL Class I increased by
IFN-a, 8,7
CD4 55 Subset of thymocytes & MHC a34,829 Restricted,
T lymphocytes, monocytes, Class II widely
macrophages inducible
by IFN-y

References: (Springer et al.1987; Bierer et al.1989; Kishimoto et
al.1989)
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Although much remains to be learned about how activation regulates
lymphocyte interactions in vivo, two distinct molecular adhesion
mechanisms recently defined in vitro are likely to be important
(Springer et al.1987; Spits et al.1986; Shaw, and Luce, 1987). If CTL
lines are maintained in culture in an activated state by weekly
stimulation with foreign antigen and addition of T-cell growth factors,
they will conjugate with B-lymphoblastoid "target cells" even when the
target cells do not express the antigen to which T cells are immune.
Such adhesion is not shown by resting T lymphocytes (Dustin, and
Springer, 1989). Activation-regulated adhesion is due to binding of the
CD2 and LFA-1 molecules on the T cell to LFA-3 and ICAM molecules on the
target cell, respectively. As shown by mAb blocking, together these two
mechanisms account for all the adhesion; there is little (Spits et
al.1986) or no (Springer et al.1987; Shaw, and Luce, 1987) contribution
by TcR and the CD4 and CD8 molecules. Although the CD2/LFA-3 and LFA-
1/ICAM adhesion mechanisms are required for or greatly contribute to
antigen-specific killing, CTL only lyse the target cells if the TcR
recognizes specific antigen on the target cell. Thus the TcR is
required for triggering. Although TcR (and CD4 or CD8) interaction with
peptide-MHC must make a contribution to adhesion, the lack of measurable
antigen-specific adhesion by CTL clones suggests that the adhesive
contribution by binding to peptide-MHC is at least 10-fold lower than
the contribution by CD2 and LFA-1 binding to their counter-receptors.

LFA-1 was first identified based on ability of mAb directed to it to
inhibit T cell-mediated killing (Springer et al.1987; Kishimoto et
al.1989). It was subsequently found that LFA-1 is required for the
adhesion step in CTL-mediated killing, and that it is required for a
broad range of leukocyte functions involving adhesion, including T
helper and B lymphocyte responses, natural killing, monocyte and
granulocyte antibody-dependent cytotoxicity, and adherence to
endothelial cells, fibroblasts, and epithelial cells.

A counter-receptor for LFA-1, ICAM-1, was identified using a simple
assay called homotypic adhesion, in which homogeneous cell populations
such as B or T cell lines adhere to one another to form multicellular
clusters (Dustin et al.1988; Springer et al.1987). Although resting
lymphocytes do not form homotypic aggregates, they do so when stimulated
with phorbol esters; transformed lymphoid cell lines aggregate weakly,
or if stimulated, strongly. Homotypic adhesion is completely inhibited
by LFA-1 mAb, and is not observed with cell lines established from
genetically LFA-l1-deficient patients (see below). The ability of LFa-1t
cells to coaggregate with LFA-1" cells in the homotypic adhesion assay
showed LFA-1 is not a homophilic receptor which binds to itself, but
rather a heterophilic receptor binding to a distinct counter-receptor.

A counter-receptor was defined by immunizing mice with LFA-1" cells, and
selecting mAb which would inhibit LFA-1-dependent homotypic adhesion.
This counter-receptor was designated an intercellular adhesion molecule
(ICAM-1) (Table 1). Confirming the receptor/counter-receptor
relationship, lymphocyte binding to purified ICAM-1 is inhibited with
LFA-1 mAb (Kishimoto et al.1989), and purified LFA-1 protein micelles
bind to purified ICAM-1 on artificial substrates (Dustin, and Springer,
1989). In contrast to LFA-1 which is an integrin (see below), ICAM-1 is
a member of the Ig superfamily with 5 Ig domains (Dustin et al.1988).
ICAM-1 is 20% identical to the nervous system adhesion molecules NCAM
and myelin associated glycoprotein, which also have 5 Ig-like domains.
The binding site for LFA-1 lies within the two, most membrane-distal, Ig
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domains of ICAM-1 (D.E. Staunton, M.L. Dustin, T.A. Springer, in
preparation).

Induction of ICAM-1 in inflammation is one important means of regulating
the LFA-1/ICAM interaction (Dustin et al.1988; Kishimoto et al.1989).

In contrast to LFA-1 which is restricted to leukocytes, ICAM-1 has the
potential to be expressed on a wide variety of cells. In absence of
stimulation, however, ICAM-1 is expressed only on a few cells in a
pattern correlating with MHC class II expression (Dustin et al.1986) and
which therefore may facilitate antigen-presenting cell interactions.
Consistent with its importance in in vitro immune responses (Makgoba et
al.1988; Altmann et al.1989), in vivo ICAM-1 is well expressed in lymph
node germinal centers both on follicular dendritic cells and on the
activated B lymphocytes which congregate in these centers (Dustin et
al.1986). Germinal centers are formed in lymph nodes during immune
responses to specific antigen and homotypic adhesion involving LFA-1 and
ICAM-1 may contribute to their formation. Inflammatory mediators,
including lipopolysaccharide, interferon-y, IL-1, and TNF-a and f cause
strong induction of ICAM-1 in a wide variety of tissues (Springer et
al.1987; Dustin et al.1988; Kishimoto et al.1989). Expression can reach
>106 sites/cell. Induction of ICAM-1 greatly increases lymphocyte and
monocyte binding via their cell surface LFA-1. Plots of lymphocyte
binding to purified ICAM-1 reconstituted in planar lipid bilayers are
sigmoidal, with no adhesion below a threshold value of 100 ICAM-1
molecules/um?. Between 150 and 1,000 ICAM-1 molecules/um?, lymphocyte
binding rises sharply to a plateau; ICAM-1 expression on unstimulated
and maximally stimulated endothelial cells falls below (40 sites/um?)
and above (1,600/um?) these levels, respectively (Dustin, and Springer,
1988). Endothelial, fibroblastic and epithelial cells vary in which
cytokines are capable of inducing ICAM-1 expression, and the types of
mediators released may therefore help regulate differing patterns of
cell localization induced by inflammatory stimuli. Binding of
leukocytes to endothelium is the first step in localization of
circulating cells at an inflammatory site. 1In vivo, ICAM-1 induction
accompanies T cell-mediated hypersensitivity (allergic) reactions
(Wantzin et al.1988), and after administration of y=IFN and IL-1, its
appearance on endothelial cells correlates with sites of mononuclear
cell infiltration (Munro et al.1989).

A second LFA-1 ligand differing in tissue distribution from ICAM-1 was
originally defined functionally by ability of LFA-1 mAb but not ICAM-1
mAb to inhibit certain cell adhesion assays. Lacking a mAb or any
information about the structure of ICAM-2, it was nonetheless cloned
based on its functional properties. A cDNA expression library was
screened for ability to confer on COS cells the ability to bind to
purified LFA-1 coated on Petri dishes. Screening was done in presence
of ICAM-1 mAb. An ICAM-2 cDNA clone was isolated which encodes a
transmembrane protein which binds to LFA-1 and shares no antigenic
determinants with ICAM-1 (Staunton et al.1989). ICAM-2 has 2 Ig-like
domains, in contrast to ICAM-1 which has 5, and these are 35% identical
to the first 2 domains of ICAM-1. ICAM-1 and ICAM-2 are much more
similar to one another than to other members of the Ig superfamily, and
thus represent an Ig subfamily specialized to interact with LFA-1. A
family of LFA-1 counter-receptors emphasizes the importance of this
adhesion mechanism and may be a means of imparting fine specificity and
functional diversity. Unlike ICAM-1, ICAM-2 is well expressed basally
on endothelial cells and mRNA level is not increased by inflammatory
mediators. Whether further ICAM's exist is an open question. The
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functional cDNA isolation approach should have wide application for
other as yet unidentified adhesion counter-structures.

LFA-1 has noncovalently associated o and § subunits; two other leukocyte
adhesion receptors, Mac-1 and pl50,95 have the same g subunit and
different a subunits. They function in adhesion of neutrophils and
monocytes to other cells and Mac-1 is also a complement receptor
specific for iC3b (Kishimoto et al.1989) (Table 2). The important role
of these glycoproteins is illustrated in congenital "leukocyte adhesion
deficiency" (LAD), in which all 3 of complexes are deficient due to
mutation of the common § subunit (Anderson, and Springer, 1987;
Kishimoto et al.1989). Patients have recurring infections which are
often fatal in childhood unless corrected by bone marrow
transplantation. Patient monocytes and neutrophils are unable to bind
to and cross the endothelium at sites of infection, leading to a lack of
pus formation. Chemoattractants both increase surface expression of
Mac-1, and make it qualitatively more active (Anderson, and Springer,
1987; Kishimoto et al.1989; Wright, and Meyer, 1986; Buyon et al.1988;
Lo et al.1989). S subunit mAb administration in vivo mimics defects in
LAD, and appears clinically useful in inhibiting leukocyte extravasation
and neutrophil-mediated tissue injury in myocardial infarction and
ischemic shock (Kishimoto et al.1989).

Sequencing of the g subunit common to LFA-1, Mac-1, and pl50,95 revealed
45% identity to a subunit of a chicken receptor for fibronectin, and
conservation of all 56 cysteine residues (Kishimoto et al.198%). This
provided evidence for the existence of a family of receptors which
mediate both cell-cell and cell-matrix interactions, and which are now
called the integrins (Hynes, 1987). Sharing of a common 8 subunit by
LFA-1, Mac-1, and pl150,95, which may also be called the leukocyte
integrins, or 82 (CD18) subfamily, also provided a model for
understanding the subunit relationships of 2 other integrin subfamilies
which share the distinctive g1 (CD29) and 83 (CD61) integrin subunits
(Table 2).

Each integrin contains a single noncovalently associated a subunit of
~130-180 kD and 8 subunit of ~90-110 kD. Thea subunits are 25-65%
identical in amino acid sequence and the § subunits are 37-45%
identical; the structural and functional similarities are so strong that
integrins should be considered a protein family rather than a
superfamily (Kishimoto et al.1989). The association of multiple a
subunits with the same g subunit generates distinctive ligand
specificities. Although there is no promiscuity among g1, g2, and 83 in
interacting with one another's a subunits, recently 2 g subunits
designated f4 and 5 have been found to associate with a6 and av subunits
alternatively to Al and 3, respectively (Kajiji et al.1989; Cheresh et
al.1989). This also alters ligand specificity, suggesting both o and 8
subunits interact with ligand, which has been confirmed by crosslinking
to small ligand peptides (D'Souza et al.1988).

A number of g1 subfamily members are expressed on leukocytes of
different stages of differentiation; the designation VLA (very late
activation) denotes the appearance of VLA-1 and VLA-2 on lymphocytes 2-4
weeks after antigen stimulation in vitro (Hemler, 1988). However, VLA
is not an apt acronym because some VLA molecules are basally expressed
on leukocytes, and expression on nonhematopoietic cells does not require
activation (Table 2). The ligands recognized by g1 integrins (Table 2)
show interesting patterns of expression in the extracellular matrices,
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TABLE 2. THE INTEGRIN FAMILY OF CELL-CELL AND CELL-MATRIX RECEPTORS

RGD DISTRIBUTION
SUBUNITS, NAMES LIGANDS?2 ROLE NON-LEUK® LEUKS
«lfl  CD-/CD29,VIA-1 1M, Co - F,BM B*,T*
221  CD49b/CD29,VIA-2 co - P,F,EN,EP T+
@31  CD-/CD29,VLA-3 FN, 1M, CO - EP,F
a4f1  CD49d/CD29,VIA-4 FN - NC,F B,T,M,LGL
581  CD-/CD29,VLA-5,FNR FN + F,EP,EN,P Th,T*
«681  CD49f/CD29,VLA-6 M - P
«684  CD49f/CD-,aEb4 LM - E
«lf2 CDlla/CD18,LFA-1 ICAM-1,2 - B,T,M,G
oMf2  CD11b/CD18,Mac-1,CR3 C3bi,FX?,FB? 2 M,G
oXf2  CDllc/CD18,pl50,95 ? ? M,G
o«IIbA3 CD41/CD61,gpIllb,IIIa FB,FN,VWF,FB + P
aVB3  CD51/CD61,VNR VN,FB,VWF,TSP + EN
aVA5  CD51/CD- VN, FN + c

a. IM, laminin; CO, collagen; FN, fibronectin, FB, fibrinogen; FX,
Factor X; VN, vitronectin; vWF, von Willebrand factor; TS,
thrombospondin.

b. EN, endothelial cells; EP, epithelial cells; F, fibroblasts; NC,
crest, melanocytes; P, platelets; C, carcinomas; BM, basement
membrane associated.

c. B, B lymphocytes; T, T lymphocytes; *, activated lymphocytes only:
Th, thymocytes; M, monocytes; G, granulocytes; LGL, large granular
lymphocytes.

References: (Kishimoto et al.1989; Hynes, 1987; Ruoslahti, and
Pierschbacher, 1987; Hemler, 1988; Kunicki et al.1988) (Wayner et
al.1988; Takada, and Hemler, 1989; Holzmann et al.1989; Takada et
al.1989; Sonnenberg et al.1988; Kajiji et al.1989; Plow, and Ginsberg,
1989; Cheresh et al.1989)

basement membranes, and lamina of different tissues (Ruoslahti, and
Pierschbacher, 1987). Induction of VILA-1, 2, 3, and 5 expression during
leukocyte activation may be of great importance in controlling
localization of lymphocytes and monocytes in inflammation. 1In contrast,
VLA-4 (CD49d/CD29) is present on resting as well as activated
lymphocytes (Hemler, 1988), is a fibronectin receptor (E. Wayner,
unpublished), a Peyer's patch homing receptor (Holzmann et al.1989),
participates in T cell-mediated killing (Takada et al.1989), and can
mediate lymphocyte homotypic adhesion stimulated by certain VIA-4 mAb
(B.W. McIntyre, unpublished). There may be some functional redundancy
among VLA-4 and LFA-1l. A role for VLA-5 in T lymphocyte activation
suggests the importance of the extracellular matrix in regulating immune
responses (Matsuyama et al.1989).

All integrina subunits have 3-4 tandem repeats of a putative divalent
cation binding site motif, and require ca:?, Mg, or Mn:* for function
(Kishimoto et al.1989). LFA-1a has 3 such repeats and has been shown
to bind Mg?”, correlating with the requirement for Mgzt in T cell
adhesion and in binding of purified LFA-1 to purified ICAM-1 (Dustin,
and Springer, 1989). All 3 leukocyte integrina subunits, and one of
the VLA a subunits, have a domain of 200 amino acids not present in
other integrina subunits, and hence termed the "inserted" or I domain.
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The I domains are homologous to ligand binding repeats in von Willebrand
factor and other proteins, and may confer modes of ligand recognition in
addition to those shared by all integrins (Kishimoto et al.1989).

The amino acid sequence arginine-glycine-aspartic acid (RGD in the one
letter code) is a key motif recognized by 4 different integrins within
at least 6 different ligands (Ruoslahti, and Pierschbacher, 1986;
Ruoslahti, and Pierschbacher, 1987) (Table 2). Short peptides
containing this sequence inhibit binding to this sequence within ligands
as well as to related sequences within fibrinogen, but do not affect
LFA-1 binding to ICAM's (Kishimoto et al.1989); Mac-1 binding to C3bi
and fibrinogen however involves RGD-like sequences (Wright et al.1988).

As discussed above, one mechanism for regulating the LFA-1/ICAM-1
interaction is by changing the surface density of ICAM-1 after cytokine
stimulation. 1In vitro or in vivo, increased expression of ICAM-1 is
first seen after 4-6 h and is maximal by 9-24 h (Dustin et al.1988;
Munro et al.1989; Kishimoto et al.1989). This is typical of regulation
at the mMRNA level of surface adhesion receptor density, and appears true
for CD2 and LFA-3 as well. Alteration of cell surface charge, another
mechanism for regulating cell interactions, involves a change in
glycoprotein sialylation; replacement of cell surface sialic acid
requires de novo glycoprotein biosynthesis (Reichner et al.1988) and
glycoprotein turnover, which is on the order of 12-24 h. However, T
cells can regulate adhesion over a much shorter time scale, aghering to
target cells, delivering a lethal hit, deadhering, and engaging in
repeated target cell interactions, with a cycle time as short as 15-30

min (Martz, 1977). What mechanism is involved? Data on CTL primed in
vivo, show that in contrast to in vitro stimulated cells, they can
adhere in an antigen-specific manner (Martz, 1987). This would only be

compatible with the importance of adhesion receptors in cell
interactions if their activity was stimulated by the TcR (Martz, 1987;
Springer et al.1987; Rothlein, and Springer, 1986). A second mechanism
for regulating the LFA-1/ICAM-1 interaction, which is stimulated by the
TcR and changes the avidity of LFA-1 over a timescale of minutes has now
been defined (Dustin, and Springer, 1989).

Using cells coexpressing LFA-1 and ICAM's, and testing binding to
plastic substrates coated with either purified ICAM-1 or purified LFA-1,
regulation of the avidity of cellular LFA-1 and of cellular ICAM-1 can
be separately tested (Dustin, and Springer, 1989). Stimulation of
resting T lymphocytes with TcR crosslinking with mAb converts cellular
LFA-1 from a low to high avidity state, whereas cellular ICAM-1 is
constitutively avid. There is no change in LFA-1. surface density. 1In
contrast to T cell clones, resting peripheral blood T lymphocytes do not
conjugate with B lymphocyte target cells. However, TcR stimulation
induces conjugate formation due to an increase in LFA-1 avidity; there
is little or no increase in CD2 avidity. The high avidity state peaks
5-10 min after TcR stimulation and returns to the low avidity state by
30 min; kinetics are influenced by the amount of TcR crosslinking.
Subsequent addition of phorbol ester returns LFA-1l to the high avidity
state, demonstrating the adhesion machinery is still intact. 1In
contrast to T¢R stimulation, after phorbol ester stimulation LFA-1 does
not return to the low avidity state. 1Inhibition by dibutryl cAMP of
stimulation via the TcR, and stimulation by phorbol esters which act on
protein kinase C, strongly suggest that the TcR and LFA-1 are linked by
intracellular signalling pathways.
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Based on these findings the following model can be proposed for
cooperation between the TcR and adhesion molecules to mediate antigen
specific recognition (Dustin, and Springer, 1989). On contact with
cells bearing specific antigen, TcR ligation generates intracellular
signals which lead to energy-dependent conversion of LFA-1 to a high
avidity state, favoring LFA-1/ICAM dependent adhesion. Antigen
specificity is maintained because the input of energy to convert LFA-1
to the high avidity state, whether this energy is used to fuel protein
phosphorylation, LFA-1 redistribution, or some other mechanism, is
controlled by the TCR. Cellular energy expended in converting LFA-1 to
a high avidity state helps drives the adherence/nonadherence equilibrium
toward stable adherence, and is analogous to the use of ATP to favor an
otherwise energetically unfavorable reaction in intermediary metabolism.
Since TcR binding to peptide MHC does not have to stabilize cell-cell
adhesion but instead triggers adhesion amplification, this provides a
mechanism for greatly increasing the sensitivity of T cells by lowering
the number of TcR-ligand interactions required for antigen recognition.
This view of adhesion strengthening is consistent with the recent
observation in murine T cell clones that LFA-1 and talin, a cytoskeletal
protein which co-localizes with a number of integrins at sites of
adhesion, redistribute to sites of interaction with antigen bearing B
cells, but not antigen-negative B cells (Kupfer, and Singer, 1989). It
is intriguing that redistribution of LFA-1 and talin has been shown to
be highly sensitive to low antigen concentrations and may correlate with
the high avidity state of LFA-1.

The transience of TcR-stimulated increase in LFA-1 avidity provides a
mechanism for regulating the adhesion/deadhesion cycle (Dustin, and
Springer, 1989). It is proposed that the TcR triggers a cascade of
phosphorylation events or second messengers such that early events lead
to an increase in LFA-1 avidity, while later events are responsible for
lowering LFA-1 avidity. The kinetics of LFA-1 avidity changes measured
after TcR activation by mAb crosslinking are in good agreement with
those previously measured for CTL contacting antigen-bearing target
cells. Highly active CTL bind to targets rapidly (0.2-2 min.) and can
deliver the lethal hit and disengage from the target within an
additional 6 min (Martz, 1977; Poenie et al.1987). Antigen density and
hence the number of TcR engaged may influence the kinetics of the
signalling cascade and thus the kinetics of avidity regulation.
Duration of adhesion may also be influenced by the level of ICAM
expression and whether ICAM-1 or ICAM-2 is the ligand. It is important
to remember that since ICAM-1 is inducible by cytokines (Springer et
al.1987; Dustin et al.1988), T cell stimulation could lead to induction
of ICAM-1 on antigen presenting cells, and secondarily alter the
kinetics of T cell interactions.

REFERENCES

Altmann, D.M., Hogg, N., Trowsdale, J., and Wilkinson, D. (1989).
Cotransfection of ICAM-1 and HLA-DR reconstitutes human antigen-
presenting cell function in mouse L cells. Nature 338, 512-514.

Anderson, D.C., and Springer, T.A. (1987). Leukocyte adhesion
deficiency: An inherited defect in the Mac-1, LFA-1, and p150,95
glycoproteins. Ann. Rev. Med. 38, 175-194.

127



Bierer, B.E., Sleckman, B.P., Ratnofsky, S.E., and Burakoff, S.J.
(1989) . The biologic roles of CD2, CD4, and CD8 in T-cell activation.
Annu. Rev. Immunol. 7, 579-599.

Buyon, J.P., Abramson, S.B., Philips, M.R., Slade, S.G., Ross, G.D.,
Weissman, G., and Winchester, R.J. (1988). Dissociation between
increased surface expression of Gpl65/95 and homotypic neutrophil
aggregation. J. Immunol. 140, 3156-3160.

Cheresh, D.A., Smith, J.W., Cooper, H.M., and Quaranta, V. (1989). A
novel vitronectin receptor integrin (alpha v beta x) is responsible
for distinct adhesive properties of carcinoma cells. Cell 57, 59-69.

D'Souza, S.E., Ginsberg, M.H., Burke, T.A., Lam, S.C-T., and Plow, E.F.
(1988) . Localization-of an Arg-Gly-Asp recognition site within an
integrin adhesion receptor. Science 242, 91-93.

Dustin, M.L., Rothlein, R., Bhan, A.K., Dinarello, C.A., and Springer,
T.A. (1986). Induction by IL-1 and interferon, tissue distribution,
biochemistry, and function of a natural adherence molecule (ICAM-1).
J. Immunol. 137, 245-254.

Dustin, M.L., and Springer, T.A. (1988). Lymphocyte function associated
antigen-1 (LFA-1) interaction with intercellular adhesion molecule-1
(ICAM-1) is one of at least three mechanisms for lymphocyte adhesion
to cultured endothelial cells. J. Cell. Biol. 107, 321-331.

Dustin, M.L., and Springer, T.A. (1989). Linkage between the T cell
antigen receptor and LFA-1 regulates adhesion and deadhesion. Nature
In Press,

Dustin, M.L., Staunton, D.E., and Springer, T.A. (1988). Supergene
families meet in the immune system. Immunol. Today 9, 213-215.

Hemler, M.E. (1988). Adhesive protein receptors on hematopoietic cells.
Immunol. Today 9, 109-113.

Holzmann, B., McIntyre, B.W., and Weissman, I.L. (1989). Identification
of a murine peyer's patch-specific lymphocyte homing receptor as an
integrin molecule with an alpha chain homologous to human VLA-4 alpha.
Cell 56, 37-46.

Hynes, R.O. (1987). Integrins: A family of cell surface receptors. Cell
48, 549-554.

Kajiji, S., Tamura, R.N., and Quaranta, V. (1989). A novel integrin
(alpha E beta 4) from human epithelial cells suggests a fourth family
of integrin adhesion receptors. EMBO 8, 673-680.

Kishimoto, T.K., Larson, R.S., Corbi, A.L., Dustin, M.L., Staunton,
D.E., and Springer, T.A. (1989). The leukocyte integrins: LFA-1, Mac-
1, and pl50,95. Adv. Immunol. 46, 149-182.

Kunicki, T.J., Nugent, D.J., Staats, S.J., Orchekowski, R.P., Wayner,
E.A., and Carter, W.G. (1988). The human fibroblast class II
extracellular matrix receptor mediates platelet adhesion to collagen
and is identical to the platelet glycoprotein Ia-IIa complex. J.
Immunol. 263, 4516-4519.

Kupfer, A., and Singer, S.J. (1989). Cell biology of cytotoxic and
helper T cell functions. Immunofluorescence microscopic studies of
single cells and cell couples. Ann. Rev. Immunol. 7, 309-337.

Lo, S.K., Detmers, P.A., Levin, S.M., and Wright, S.D. (1989). Transient
adhesion of neutrophils to endothelium. J. Exp. Med. 169, 1779-1793.

Makgoba, M.W., Sanders, M.E., Ginther Luce, G.E., Gugel, E.A., Dustin,
M.L., Springer, T.A., and Shaw, S. (1988). Functional evidence that
intercellular adhesion molecule-1 (ICAM-1) is a ligand for LFA-1 in
cytotoxic T cell recognition. Eur. J. Immunol. 18, 637-640.

Martz, E. (1977). Mechanism of specific tumor cell lysis by alloimmune
T-lymphocytes: Resolution and characterization of discrete steps in
the cellular interaction. Contemp. Topics Immunobiol. 7, 301-361.

128



Martz, E. (1987). LFA-1 and other accessory molecules functioning in
adhesions of T and B lymphocytes. Human Immunol. 18, 3-37.

Matsuyama, T., Yamada, A., Kay, J., Yamada, K.M., Akiyama, S.K.,
Schlossman, S.F., and Morimoto, C. (1989). Activation of CD4 cells by
firbronectin and anti-CD3 antibody: A synergistic effect mediated by
the VIA-5 fibronectin receptor complex. J. Exp. Med. In Press,

Munro, J.M., Pober, J.S., and Cotran, R.S. (1989). Tumor necrosis factor
and interferon - gamma induce distinct patterns of endothelial
activation and leukocyte accumulation in skin of papio anubis. Am. J.
Pathol. In Press,

Plow, E.F., and Ginsberg, M.H. (1989). Cellular adhesion: GPIIb-IIIa as
a prototypic adhesion receptor. Prog. Hemost. Thromb. 9, 117-156.

Poenie, M., Tsien, R.Y., and Schmitt-Verhulst, A. (1987). Sequential
activation and lethal hit measured by [Ca++]i in individual cytolytic
T cells and targets. EMBO J. 6, 2223-2232.

Reichner, J.S., Whiteheart, S.W., and Hart, G.W. (1988). Intracellular
trafficking of cell surface sialoglycoconjugates. J. Biol. Chem. 263,
16316-16326.

Rothlein, R., and Springer, T.A. (1986). The requirement for lymphocyte
function-associated antigen 1 in homotypic leukocyte adhesion
stimulated by phorbol ester. J. Exp. Med. 163, 1132-1149.

Ruoslahti, E., and Pierschbacher, M.D. (1986). Arg-Gly-Asp: A versatile
cell recognition signal. Cell 44, 517-518.

Ruoslahti, E., and Pierschbacher, M.D. (1987). New perspectives in cell
adhesion: RGD and integrins. Science 238, 491-497.

Shaw, S., and Luce, G.E.G. (1987). The lymphocyte function-associated
antigen (LFA-1) and CD2/LFA-3 pathways of antigen-independent human T
cell adhesion. J. Immunol. 139, 1037-1045.

Sonnenberg, A., Modderman, P.W., and Hogervorst, F. (1988). Laminin
receptor on platelets is the integrin VLA-6. Nature 336, 487-489.

Spits, H., van Schooten, W., Keizer, H., van Seventer, G., Van de Rijn,
M., Terhorst, C., and de Vries, J.E. (1986). Alloantigen recognition
is preceded by nonspecific adhesion of cytotoxic T cells and target
cells. Science 232, 403-405.

Springer, T.A., Dustin, M.L., Kishimoto, T.K., and Marlin, S.D. (1987).
The lymphocyte function-associated LFA-1, CD2, and LFA-3 molecules:
cell adhesion receptors of the immune system. Ann. Rev. Immunol. 5,
223-252.

Staunton, D.E., Dustin, M.L., and Springer, T.A. (1989). Functional
cloning of ICAM-2, a cell adhesion ligand for LFA-1 homologous to
ICAM-1. Nature 339, 61-64.

Takada, Y., and Hemler, M.E. (1989). The Primary Structure of VLA-
2/collagen receptor/alpha-2 subunit (GPIa) : Homology to other
integrins and presence of possible collagen-binding domain. J. Cell
Biol.

Takada, Y., Elices, M.J., Crouse, C., and Hemler, M.E. (1989). The
primary structure of alpha-4 subunit of VLA-4 : Homology to other
integrins and possible cell-cell adhesion function. EMBO J. In Press,

Wantzin, G.L., Ralfkiaer, E., Avnstorp, C., Czajkowski, M., Marlin,
S.D., and Rothlein, R. (1988). Kinetics and characterization of
intercellular adhesion molecule-1 (ICAM-1) expression on keratinocytes
in various inflammatory skin lesions and malignant cutaneous
lymphomas. J. Amer. Acad. Dermtol. In Press,

Wayner, E.A., Carter, W.G., Piotrowicz, R.S., and Kunick, T.J. (1988).
The function of multiple extracellular matrix receptors in mediating
cell adhesion to extracellular matrix: Preparation of monoclonal
antibodies to the firbronectin receptor that specifically inhibit cell

129



adhesion to fibronectin and react with platelet glycoproteins Ic-IIa.
J. Cell. Biol. 107, 1881-1891.

Wright, s.D., and Meyer, B.C. (1986). Phorbol esters cause sequential
activation and deactivation of complement receptors on
polymorphonuclear leukocytes. J. Immunol. 136, 1759-1764.

Wright, S.D., Weitz, J.I., Huang, A.J., Levin, S.M., Silverstein, S.C.,
and Loike, J.D. (1988). Complement receptor type three (CD11lb/CD18) of
human polymorphonuclear leukocytes recognizes firinogen. Proc. Natl.
Acad. Sci. USA. 85, 7734-7738.

130



From Marker Antigens for T Lymphocyte Subsets to
Molecules that Regulate Cell Activation

A_F Williams and A.D. Beyers

Introduction

Determinants of the CD4, CD8 and CD4S5 antigens provide markers that distinguish subsets
of T lymphocytes. In each case these antigens were identified at early stages in the
development of different technical approaches to the analysis of the lymphocyte cell surface.
Then the definition of T cell subsets became the focus of interest to be followed by structural
analysis of the antigens. Most recently the structural studies have led to new functional
insights and these antigens can now be grouped together as molecules that appear to regulate
the state of phosphorylation of tyrosine residues in cytoplasmic domains of receptors
involved in signal transduction. Given that tyrosine phosphorylation plays a key role in the
activation cascade, the subset markers are likely to be important regulatory molecules in cell
activation.

Mouse Alloantigens

Studies on lymphoid cell-surface molecules began when tumor-specific antigens were sought
in the early 1960s. Such antigens were not found but polymorphic determinants of normal
lymphoid cell surface molecules were identified. The genetic approach to specificity was
used where-by animals were back-crossed to produce congenic strains in which the
polymorphic difference was isolated against the genetic background of one of the parental
strains. The initial set of antigens that were discovered included Thy-1, which was to be the
first T lymphocyte marker to be described, and the Ly-A (later to be called Ly-1, and now
CDS5) and Ly-B (Ly-2 and now CD8 ) antigens (Boyse et al,1968; reviewed Boyse &
01d,1969). At the outset the antigens were considered to be of key interest because they
might play crucial roles in the specialised functions of lymphocytes rather than because they
might mark different lymphocyte types (Boyse & 01d,1969). Later the Ly-C (Ly-3 and now
CD8 ) and Ly-5 (now CD45) antigens were identified (Boyse et al,1971; Komuro et
al,1975). A rat alloantigen, ART-1 (Lubaroff,1973) or Ly-1 (Fabre & Morris,1974) now
known to be CD45 was also described.

The key finding that there were subsets of T lymphocytes with differing functions was made
by use of the Ly-2,3 and Ly-1 antigens (Kisielow et al,1975). Cytotoxic cells were largely
Ly-2,3+ and helper cells were Ly-2,3-. However a detailed pattern of T cell differentiation
that is not in accord with modern data was proposed (Cantor & Boyse,1977). The confusion
arose because cytotoxicity assays were used and with these partial killing of T cells occurred
with Ly-1 antisera even though this molecule was expressed on all T cells (Mathieson et
al,1979; Ledbetter & Herzenberg,1979). The mouse data came into line with human and rat
data when a mAb to mouse CD4 was prepared by Dialynas et al (1983). Although in
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retrospect it is clear that CD45 had been identified in mouse and rat with alloantisera these
sera were not useful in identifying CD45 as an antigen of interest in marking T subsets.

Use of Xenogeneic Sera

Immunisation across the species barrier where all molecules were likely to be antigenic was
potentially of great value with regard to the goal of routinely using antibodies to identify cell
surface molecules (reviewed Williams,1977). The problem was to produce specific antisera.
Despite the difficulties key early studies on the identification of CD45 were done with the use
of rabbit antisera in mouse (Trowbridge et al,1975) and rat (Fabre & Williams,1977).

The Modern Era: Monoclonal Antibodies and The FACS

The discovery of the monoclonal antibody (mAb) technique allowed the immortalisation of
single antibody-forming cells (Kohler & Milstein,1975) and potentially this method could
solve the specificity problem of xenoimmunisation. This was tested in a mouse anti-rat
thymocyte fusion and in the first productive experiment the W3/25 antibody (anti-rat CD4)
was identified (Williams et al,1977; White et al,1978; Bemstein et al,1980). The use of
quantitative binding assays and the fluorescence-activated cell sorter (FACS) resolved the
serological problems that were inherent in cytotoxicity assays.

The mAb approach allowed the discovery of human CD4 (OKT4) and CD8 (OKT8) antigens
(Reinherz et al,1979;Reinherz & Schlossman,1980) and rat CD8 (MRC OX8) (Brideau et
al,1980) and the pattern of two non-overlapping lineages in peripheral T cells was
established for both these species. Cytotoxic cells were mostly of CD4-CD8+ phenotype and
T helpers were CD4+CD8-. In the thymus most cells were CD4+CD8+. These patterns have
now been seen in all vertebrate species where mAbs are available.

It was established that CD45 antigens included a family of molecules that differed in apparent
mol.wt.(Strandring et al,1978; Trowbridge,1978), antigenicity (Coffman & Weissman,
1981; Dalchau & Fabre,1981,1983) and carbohydrate structures (Brown & Williams,1982;
Childs et al,1983) and the finding that restricted determinants of CD45 (called CD45R) could
distinguish subsets with different functions within CD4+ T cells was made in rat (Spickett et
al,1983), human (Rudd et al,1987; Terry et al,1988) and mouse (Bottomly et al,1989).
Current data indicate that the CD45R+ cells are primary T cells whilst the CD45R - cells have
previously been stimulated by antigen (Tedder et al;1985; Powrie & Mason,1989).

Functional Eff f Antibodi

Mouse alloantisera against CD8 were shown to inhibit killing by cytotoxic T cells (Shinohara
& Sachs,1979; Nakayama et al,1979) and this was the first data indicating that antibodies
against differentiation antigens could affect T cell functions. The first result with a mAb was
the finding that W3/25 (anti-rat CD4) in the form of IgG or F(ab'),, blocked responder T
cells in the rat MLR (Webb et al,1979) and blocking of cytotoxicity with anti-mouse CD8
mAb was also seen (Hollander et al,1980; Sarmiento et al,1980). Anti-human CD4 mAbs
blocked CD4+ cytotoxic T cells (Biddison et al,1982) and the general result is that both anti-
CD4 and anti-CD8 mAbs inhibit functions of appropriate T cells. Different mAbs against
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CD45 do not have a consistent effect on T cell functions.

Ligands for the Subset Markers

Initially the mature T subsets were correlated with cytotoxicity and helper functions but later
it became clear that the correct correlation was between expression of CD4 or CD8 on the
mature T cell and MHC class 2 or class 1 respectively on the target or accessory cell
(Engleman et al,1981; Swain,1981; Krensky et al,1982; Meuer et al,1982). This further led
to the possibility that CD4 interacted directly with MHC class 2 antigen and CD8 with MHC
Class 1 antigen. This interaction has been difficult to establish but in recent studies specific
adhesion with appropriate target cells has been observed with cell lines expressing CD4
(Doyle & Strominger,1987) or CD8 (Norment et al,1988) after transfection of cDNA. The
affinity of interactions would appear to be low since very high levels of antigen expression
are required for these adhesion reactions to be observed. The goal of demonstrating
interactions directly between the appropriate molecules in solution is yet to be achieved.

For CD45 antigen there is as yet no information concerning ligands interacting with the
extracellular part of the molecule.

Molecular Aspec

The primary cDNA cloning of the subset markers was achieved for human CD4 and CD8 «
chain via DNA transfection (Kavathas et al,1984; Littman et al,1985; Maddon et al,1985);
for rat CD8 f chain and CD45 antigen via determination of protein sequence (Johnson &
Williams,1986; Thomas et al,1985); and for mouse CD45 via mRNA size selection and
screening of clones by RFLP analysis (Shen et al,1985). Subsequently the antigens have all
been fully characterized in human, mouse, and rat (reviewed:CD4 and CD8, Parnes,1989;
CD45, Thomas,1989).

In Fig.1 models drawn roughly to scale are shown for the antigens at a cell surface. The CD4
antigen can be argued to consist of four Ig-superfamily (IgSF) domains (Clark et al,1987;
Maddon et al,1987) but only the first domain, which is V-like, shows typical sequence
patterns. The structure of CD4 is more like the Poly Ig receptor than any antigen recognition
structure and there is no convincing sequence match to J pieces of IgSF V-domains as has
been suggested by Maddon et al (1985,1987).

The CDS8 antigen is a heterodimer structure with a single V-like domain in each chain. In the
CD8 chains there are hinge regions between the V-like domain and the transmembrane
sequence that consist of about 40 (a-chain) and 28 (B-chain) residues. If these sequences
were in an extended conformation as shown in Fig 1 then the distance between the membrane
and the V-related domains could be as much as 9.5 nm (see legend to Fig 1). Extended
sequences have been directly observed in mucin-like molecules (Bramwell et al,1986). The
CD8 B chain is particularly notable for the presence of a strong match to IgSF V-domain J
piece sequences (Johnson & Williams,1986). However the genomic sequence of the J-like
region is in the same exon as the rest of the V-related sequence. The CD8 structure and
antigen receptors may have had an immediate common ancestor in evolution.
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Fig 1 Models for CD4, CD8, the TCR complex and CD45 at a cell surface
along with MHC Class 1 antigen on an opposing cell surface. The dimensions
shown are roughly to scale on the basis of X-ray structures for Ig domains as used in
Williams & Barclay (1986), and on the length of an extended peptide backbone for the hinge
regions of CD8 and the cytoplasmic regions of all structures, except CD45, for which
dimensions are based on low-angle shadowing electron microscopy data (Woollett et al,
1985) and p56Ick where a globular conformation has been assumed.

It is perhaps surprising that the CD4 and CDS8 structures are not particularly closely related
within the IgSF given the fact that their MHC ligands are "first-cousin” IgSF molecules. It
seems unlikely that a precursor molecule that interacted with an MHC-like structure gave rise
to both the CD4 and CD8 antigens. Details concering the sites of interaction between CD4
and CD8 and the MHC antigens are beginning to emerge (Potter et al,1989; Salter et al,1989;
Clayton et al,1989) and the data are most clear for the CD8 o chain site on the MHC class 1
molecule. This appears to involve a region in the &3 domain of the class 1 H chain. It is
believed that this interaction occurs at the same time that the TCR interacts with the MHC
class 1 molecule presumably via the top faces of each of these molecules. An interaction
between the CD8 o V-like domain and o 3 of MHC class 1 would appear to be topologically
feasible if there is an extended hinge structure as shown in Fig 1. Similarly the first domain
of CD4 could presumably interact with parts of MHC class 2 that are not involved in
interactions with the TCR.

The CD45 antigen is not an IgSF structure but is notable for its large cytoplasmic domain
(Thomas et al,1985). In the extracellular part there is a common region that is likely to be
tightly folded with disulphide bonds and a part that varies in different cell types via
alternative splicing of three exons that code for sequence near the NH»-terminal end (Barclay
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et al,1987; Ralph et al,1987; Saga et al,1987; Streuli et al,1987a). N-linked carbohydrate
structures are found throughout the sequence but O-linked carbohydrate is restricted to the
region of varying sequence which is likely to show an extended conformation. The CD45R
antigenic determinants are encoded in the exons that show alternative splicing (Barclay et
al,1987; Johnson et al,1989; Streuli et al,1987b).

Phosphatases and Tyrosine Kinases

Cell biologists have focused on phosphorylation of tyrosine residues in structures at the inner
face of the membrane as being a key factor in the regulation of cell activation signals
(Alexander & Cantrell,1989). The steady-state level of phosphorylation is a result of the
opposing activities of kinases and phosphatases.

Recently a lymphocyte specific protein-tyrosine kinase called pS6Ick has been identified
(Marth et al,1985) and this molecule can be found associated with CD4 or CD8 in detergent
lysates (Rudd et al,1988; Veillette et al,1988; Barber et al,1989). Thus it can be postulated
that the activity of p56ick is modulated by interaction with CD4 or CD8 particularly in view of
the tyrosine phosphorylation of the CD3 { chain during T cell activation.

Phosphatases oppose the kinase activities and recently a soluble tyrosine phosphate
phosphatase from human placenta was sequenced and the sequence was found to be similar
to both the homology units of the cytoplasmic domain of CD45 (Charbonneau et al,1988).
Phosphatase activity has now been established for CD45 (Tonks et al,1988). Thus via the
structural studies a function for CD45 has been precisely identified.

Immunological Functions

Antibody blocking data for CD4 and CD8 mAbs could have been interpreted as follows.

(1) The molecules solely mediate down-regulation signals that are mimicked by the binding
of mAbs. (2) The molecules function mainly as adhesion structures and mAbs inhibit by
blocking the interactions. (3) The molecules associate with other molecules on the cell suface
(e.g. TCR) and this is blocked by the mAbs. (4) The molecules give activation signals and
mADbs interfere with this process.

Point (1) was ruled out by the finding that activation via TCR transfected into a CD8minus
cell was greatly potentiated by the co-transfection of the CD8 o chain (Dembic' et al,1987;
Gabert et al, 1987). These data support point (4) and similar results have also been found for
the CD4 molecule(Gay et al,1987; Sleckman et al,1988). Point (2) seems unlikely given the
difficulty in showing interactions between CD4 or CD8 and their MHC ligands. Point (3)
has been strongly supported by the finding that TCR and CD4 co-localise into the interface
between a T cell clone and its target cell (Kupfer et al,1987). Thus the current concept is that
CD4 and CD8 interact with the TCR to deliver signals to the cell (Emmirich et al,1986) and
this view is compatible with the data on tyrosine kinase associations. In addition to this the
CD45 molecule is a phosphatase that presumably modulates the signalling reactions.

Support for concerted positive and negative effects comes via studies in which signalling is
assessed by activation of an increase in cytoplasmic free calcium, [Ca2+]i. Triggering by
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combinations of mAbs can be studied and in some cases a co-operative effect is seen while in
others inhibition occurs (Ledbetter et al, 1988a, 1988b). One set of data is shown in Fig 2
for triggering of a CD4+ rat anti-myelin basic protein cell line (Beyers et al,1989; Beyers et
al,unpublished). Anti-CD4 mAbs give a weak signal but a greatly potentiated response is
seen with anti-CD4 plus anti-TCR added at a level that is subthreshold for signalling via TCR
alone. In contrast to this, anti-CD45 mAb crosslinked with anti-CD4 leads to inhibition of the
anti-CD4 response. It is interesting that in other experiments anti-CD4 plus anti-CD45 gave a
co-operative response (Ledbetter et al,1988b). Although these data are difficult to interpret
they suggest that complex interactions that rely on the precise geometry and kinetics of
association between molecules will be occuring in the course of physiologically relevant cell
interactions.

CD4 l/&: CD4 ,___i;_/z:z::

TCR __,-‘L/‘—‘“’\ CD45 —\*L,__/—'/——"‘
(subthreshold) A10 A32

CD4+CD45 — L—-"

A66

CD4 +TCR ._.:L A927

2 min

Fig 2 Changes in [Ca2+]i induced by crosslinking various cell surface
antigens. A CD4+ rat cell line, loaded with fura 2, was preincubated with mAb directed
against the indicated antigens. Arrows indicate the addition of rabbit anti-mouse Ig and the
horizontal bar indicates time. A values denote [Ca2+]i increases in nM, calculated as in
Grynkiewicz et al (1985). Details of mAbs and methods are in Beyers et al (1989).

Future possibilities

Key areas for future studies include:

(1) Determination of the structures of the molecules by X-ray crystallography and proof of
proposed interactions by determination of affinities in solution.

(2) The search for ligands for CD45 with the possibility that molecules will be found that
interact with the various CD45R forms.

(3) Analysis of the role of the cytoplasmic domains in the signal transduction pathways.

(4) Discovery of the precise points in the ontogeny of T cells where key events are triggered
by the CD4, CD8 and CD45 molecules.

136



REFERENCES

Alexander DR, Cantrell, DA (1989) Immunol Today 10: 200-205

Barber EK, Dasgupta JD, Schlossman SF, Trevillyan JM, Rudd CE (1989) Proc Natl Acad Sci USA 86:
3277-3281

Barclay AN, Jackson DI, Willis AC, Williams AF (1987) EMBO J 6: 1259-1264

Beyers AD, Barclay AN, Law DA, He Q, Williams AF (1989) Immunol Rev (in press)

Bernstein ID, Nowinski RC, Stiefel J (1980) J Immunol 124: 1727-1732

Biddison WE, Rao PE, Talle MA, Goldstein G, Shaw S (1982) J Exp Med 156: 1065-1076

Bottomly K, Lugman M, Greenbaum L, Carding S, West J, Pasqualini T, Murphy DB (1989) Eur J
Immunol 19: 617-623

Boyse EA, Itakura K, Stockert E, Iritani CA, Miura M (1971) Transpiantation 11: 351-353

Boyse EA, Miyazawa M, Aoki T, Old LJ (1968) Proc Roy Soc B 170: 175-193

Boyse EA, Old LJ (1969) Ann Rev Genetics 3: 269-290

Bramwell ME, Wiseman G, Shotton DM (1986) J Cell Sci 86: 249-261

Brideau RJ, Carter PB, McMaster WR, Mason DW, Williams AF (1980) Eur J Immunol 10: 609-615

Brown WRA, Williams AF (1982) Immunol 46: 713-726

Cantor H, Boyse EA (1977) Contemp Top Immunobiol 7: 47-67

Charbonneau H, Tonks NK, Walsh KA, Fischer EH (1988) Proc Natl Acad Sci USA 85: 7182-7186

Childs RA, Daichau R, Scudder P, Hounsell EF, Fabre JW, Feizi T (1983) Biochem Biophys Res Comm
110: 424-431

Clark SJ, Jefferies WA, Barclay AN, Gagnon J, Williams AF (1987) Proc Natl Acad Sci USA 84: 1649-
1653 .

Clayton LK, Sieh M, Pious DA, Reinherz EL (1989) Nature 339: 548-551

Coffman RL, Weissman IL (1981) Nature 289: 681-683

Dalchau R, Fabre JW (1981) J Exp Med 153: 753-765

Dalchau R, Fabre JW (1983) In:Bernard A, Boumsell L, Dausset J, Milstein C, Schlossman SF (eds)
Leucocyte Typing. Springer-Verlag, Berlin, Heidelberg, New York, Tokyo, p 507

Dembic' Z, Haas W, Zamoyska R, Parnes J, Steinmetz M, von Boehmer H (1987) Nature 326: 510-511

Dialynas DP, Wilde DB, Marrack P, Pierres A, Wall KA, Havran W, Otten G, Loken MR, Pierres M,
Kappler J, Fitch FW (1983) Immunol Rev 74: 29-56

Doyle C, Strominger JL (1987) Nature 330: 256-259

Emmrich F, Strittmatter U, Eichman K (1986) Proc Natl Acad Sci USA 83: 8298-8302

Engleman EG, Benike CJ, Grumet FC, Evans RL (1981) J Immunol 127: 2124-2129

Fabre JW, Morris PJ (1974) Tissue Antigens 4: 238-246

Fabre JW, Williams AF (1977) Transplantation 23: 349-359

Gabert J, Langlet C, Zamoyska R, Parnes JR, Schmitt-Verhulst A-M, Malissen B (1987) Cell 50: 545-
554

Gay D, Maddon P, Sekaly R, Talle MA, Godfrey M, Long E, Goldstein G, Chess L, Axel R, Kappler J,
Marrack P. (1987) Nature 328: 626-629

Grynkiewicz G, Poenie M, Tsien RY (1985) J Biol Chem 260 3440-3450

Hollander N, Pillemer E, Weissman IL (1980) J Exp Med 152: 674-687

Johnson P, Greenbaum L, Bottomley K, Trowbridge IS (1989) J Exp Med 169: 1179-1184

Johnson P, Williams AF (1986) Nature 323: 74-76

Kavathas P, Sukhatme VP, Herzenberg LA, Parnes JR (1984) Proc Natl Acad Sci USA 81: 7688-7692

Kisielow P, Hirst JA, Shiku H, Beverley PCL, Hoffman MK, Boyse EA, Oettgen HF (1975) Nature 253:
219-220

Krensky AM, Reiss CS, Mier JW, Strominger JL, Burakoff SJ (1982) Proc Natl Acad Sci USA 79: 2365-
2369

K&hler G, Milstein C (1975) Nature 256: 495-497

Komuro K, Itakura K, Boyse EA, John M (1975) Immunogenetics 1: 452-456

Kupfer A, Singer SJ, Janeway CA, Swain SL (1987) Proc Natl Acad Sci USA 84: 5888-5892

Ledbetter JA, Herzenberg LA (1979) Immunol Rev 47: 63-90

Ledbetter JA, June CH, Rabinovitch PS, Grossman A, Tsu TT, Imboden JB (1988a) Eur J immunol 18:
525-532

137



Ledbetter JA, Tonks NK, Fischer EH, Clark EA (1988b) Proc Natl Acad Sci USA 85: 8628-8632

Littman DR, Thomas Y, Maddon PJ, Chess L, Axel R (1985) Cell 40: 237-246

Lubaroff DM (1973) Transplant Proc 5: 115-118

Maddon PJ, Molineaux SM, Maddon DE, Zimmerman KA, Godfrey M, Alt FW, Chess L, Axel R (1987) Proc
Natl Acad Sci USA 84: 9155-9159

Maddon PJ, Littman DR, Godfrey M, Maddon DE, Chess L, Axel R (1985) Cell 42: 93-104

Marth JD, Peet R, Krebs EG, Perimutter RM (1985) Cell 43: 393-404

Mathieson BJ, Sharrow SO, Campbell PS, Asofsky R (1979) Nature 277: 478-480

Meuer SC, Schlossman SF, Reinherz EL (1982) Proc Natl Acad Sci USA 79: 4395-4399

Nakayama E, Shiku H, Stockert E, Oettgen HF, OId LJ (1979) Proc Natl Acad Sci USA 76: 1977-1981

Norment AM, Salter RD, Parham P, Engelhard VH, Littman DR (1988) Nature 336: 79-81

Parnes JR (1989) Adv Immunol 44: 265-311

Potter TA, Rajan TV, Dick RF, Bluestone JA (1989) Nature 337: 73-75

Powrie F, Mason D (1989) J Exp Med 169: 653-662

Ralph SJ, Thomas ML, Morton CC, Trowbridge IS (1987) EMBO J 6: 1251-1257

Reinherz EL, Kung PC, Goldstein G, Schlossman SF (1979) Proc Natl Acad Sci USA 76: 4061-4065

Reinherz EL, Schlossman SF (1980) Cell 19: 821-827

Rudd CE, Morimoto C, Wong LL, Schlossman SF (1987) J Exp Med 166: 1758-1773

Rudd CE, Trevillyan JM, Dasgupta JD, Wong LL, Schlossman SF (1988) Proc Natl Acad Sci USA 85:
5190-5194

Salter RD, Norment AM, Chen BP, Clayberger C, Krensky AM, Littman DR, Parham P (1989) Nature
338: 345-347

Saga Y, Tung J-S, Shen F-W, Boyse EA (1987) Proc Natl Acad Sci USA 84: 5364-5368

Sarmiento M, Glasebrook AL, Fitch FW (1980) J Immunol 125: 2665-2672

Shen F-W, SagaY, Litman G, Freeman G, Tung J-S, Cantor H, Boyse EA (1985) Proc Natl Acad Sci USA
82: 7360-7363

Shinohara N, Sachs DH (1979) J Exp Med 150: 432-444

Sleckman BP, Peterson A, Foran JA, Gorga JC, Kara CJ, Strominger JL, Burakoff SJ, Greenstein JL
(1988) J Immunol 141: 49-54

Spickett GP, Brandon MR, Mason DW, Williams AF, Woollett GR (1983) J Exp Med 158: 795-810

Standring R, McMaster WR, Sunderland CA, Williams AF (1978) Eur J Immunol 8: 832-839

Streuli M, Hall LR, Saga Y, Schlossman SF, Saito H (1987a) J Exp Med 166: 1548-1566

Streuli M, Matsuyama T, Morimoto C, Schlossman SF, Saito H (1987b) J Exp Med 166: 1567-1572

Swain SL (1981) Proc Natl Acad Sci USA 78: 7101-7105

Tedder TF, Cooper MD, Clement LT (1985) J Immunol 134: 2989-2994

Terry LA, Brown MH, Beverley PCL (1988) Immunol 64: 331-336

Thomas ML (1989) Ann Rev Immunol 7: 339-369

Thomas ML, Barclay AN, Gagnon J, Wiliams AF (1985) Cell 41: 83-93

Tonks NK, Charbonneau H, Diltz CD, Fischer H, Walsh KA (1988) Biochem 27: 8695-8701

Trowbridge 1S (1978) J Exp Med 148: 313-323

Trowbridge IS, Weissman IL, Bevan MJ (1975) Nature 256: 652-654

Veillette A, Bookman MA, Horak EM, Bolen JB (1988) Cell 55: 301-308

Webb M, Mason DW, Williams AF (1979) Nature 282: 841-843

White RAH, Mason DW, Williams AF, Galfré G, Milstein C (1978) J Exp Med 148: 664-673

Williams AF (1977) Contemp Top Mol Immunol 6: 83-116

Williams AF, Barclay AN (1986) In: Weir DM, Herzenberg LA, Blackwell C, Herzenberg LA (eds)
Handbook of Experimental Immunology 4th edn. Blackwell, Oxford. p 22.1

Williams AF, Galfré G, Milstein C (1977) Cell 12: 663-673

Woollett GR, Williams AF, Shotton DM (1985) EMBO J 4: 2827-2830

138



The T-Cell Antigen Receptor and CD2 in Rat T-Cell
Activation and Ontogeny

T. Hiinig, G. Tiefenthaler, E. Schlipké&ter, and A. Lawetzky

INTRODUCTION

MAbs to the TCR complex have provided a useful model system in which
activation of human and mouse T-cells can be studied irrespective of their
specificity. In addition to the TCR, several other cell surface molecules have
been identified as triggering structures by stimulatory mAbs. The best
characterized of these "alternative pathways" of T-cell activation is that
mediated through the "E-receptor", now called CD2 (first described by Meuer
et al. 1984). Thus, both a natural ligand, LFA-3 (Hinig 1985, Dustin et al.
1987), that can participate in CD2-mediated T-cell activation (Tiefenthaler
et al. 1987), and an intracellular domain necessary for signal transduction
(He et al., 1988; Bierer et al. 1988) have been identified for this molecule.
Until recently, it was impossible to test the role of CD2 in T-cell ontogeny
in an animal model for lack of the appropriate reagents. In the meantime,
Williams and coworkers have generated several anti-rat CD2 mAbs two of
which (OX-54 and OX-55) are stimulatory when used in combination (Clark et
al. 1988), closely resembling the situation in humans. In addition, we have
produced a mAb to a constant determinant of the rat a/B-TCR that
efficiently activates T-cells (Hinig et al. 1989a). We here describe our
initial experiments in which the expression of the TCR and of CD2 on
immature and mature T-cells and the effects of Mabs to these receptors are
studied in the rat model system.

EXPRESSION OF THE a/B-TCR AND OF CD2 ON PERIPHERAL RAT LYMPHOCYTES.

Correlation of the cell surface markers OX-52 (pan T and NK), CD5 (pan T),
CD4, and CD8 with the a/B-TCR on peripheral rat lymphocytes allows the
identification of the subpopulations shown in Fig. 1. In addition to the two
major T-cell populations of a/B-TCR+ T-cells (CD4+8- and the CD4-8+)
which account for roughly 90% of OX52+ cells in the spleen, two minor
populations were detected: 1. a/B-TCR-negative CD5+ cells, at least some of
which express the rat y/8-TCR (Hinig et al., 1989b). Over 90% of cells in this
minor subset express the CD8 antigen in spleen, lymph node and blood. 2.
CD5-CD8+ cells which do not express CD3-associated TCR molecules (Hiinig
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et al. 1989b). In agreement with others (Vujanovic et al. 1988), we have
identified NK activity of freshly isolated lymphocytes exclusively in this
population (Hinig et al. 1989b).

All four populations thus defined are are CD2+. CD2-negative T-cells, found
in great numbers in sheep (MacKay et al., 1988, Giegerich et al. 1989) were
not detected. In contrast to what has been recently reported for mice (Yagita
et al. 1989), rat B-cells are CD2-negative (Williams et al. 1987). With the
exception of CD2-expression on macrophages in the spleen (Williams et al.
1987), the cellular distribution of rat CD2 thus closely resembles that found
in humans. In addition, despite the discovery of CD2 homologues in rats,
mice, and sheep, the rat represents the only animal model where activation
through CD2 has been demonstrated to date.
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Fig. 1. Subpopulations of T-cells and NK cells in rat spleen.
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EXPRESSION OF THE o/B-TCR AND OF CD2 ON THYMOCYTE SUBPOPULATIONS.

As previously shown for humans and mice, three populations of thymocytes
expressing distinct levels of the a/p-TCR are resolved by
immunofluorescence and flow cytometry in the adult rat thymus (Fig. 2, and
Hinig et al., 1989a). About 10% of cells express as much TCR as peripheral
T-cells; these are the mature medullary thymocytes. About 70% express
roughly ten-fold less TCR; all of these cells are immature, CD4+8+ cortical
thymocytes. The remaining 20% of o/B-TCR-negative thymocytes also
contain mostly CD4+8+ cells, but in addition most of the CD4-8- immature
thymocytes (CD4-8+ immature blasts from which CD4+8+ cells are
generated make up only 2% of thymocytes; they express the TCR at a very
low level. Hiinig, 1988).
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Correlation of CD2 with TCR-expression

on adult rat thymocytes reveals an

interesting distribution: Both TCR-

olb~TCR negative and TCR-high cells are uniformly

CD2 high. The intermediary, TCR-low

population, however, expresses distinctly

less CD2 on average and some of these

cells express very little if any CD2.

Interestingly, CD4+8+ cells generated

) from their CD4-8+ precursors in cell

o XB-TCR culture are uniformly CD2-high (not

log fluorescence shown), raising the possibility that

downregulation of CD2 on a fraction of

Fig. 2. Correlation of TCR and this population in vivo may be the result

CD2 expression on adult rat of intrathymic repertoire  selection (or
thymocytes. lack of of selection).

cD2

cD2

log tluorescence

day 19 day 20 day 21 newborn adult

number

cell

size (FSC)

CD2

o/B- TCR

Fig. 3. Expression of the o/p-TCR and of CD2 in rat thymopoiesis. Thymocyte
suspensions were prepared from embryonic, newborn, and adult thymuses and
were stained with mAbs to the a/B-TCR (R73) and to CD2 (OX-34).
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EXPRESSION OF THE o/B-TCR AND OF CD2 IN RAT THYMOPOIESIS.

The stepwise generation of TCR-low and TCR-high cells from TCR-negative
precursors is readily observed in rat prenatal life (Fig. 3, top and center).
With the exception of a population of CD2- and TCR-negative cells at early
stages of thymopoiesis, CD2 expression on the successively appearing
subpopulations follows that expected from the expression of CD2 on adult
thymocytes. l.e., as TCR-low cells are "growing out" from the TCR-negative
blast population, they partially downregulate cD2, whereas all of the first
wave TCR-high cells express as much CD2 as the TCR-negative population.

ACTIVATED PHENOTYPE OF FIRST WAVE oB-TCR-HIGH THYMOCYTES.

As can be seen in Fig. 3, thymocytes with a mature level of TCR expression
first appear around birth in the rat. Interestingly, these "first wave"
TCR-high cells are much larger than resting lymphocytes, suggesting an
activated state. Accordingly, their cell surface phenotype and cell cycle
status were investigated. In Fig. 4, these results are shown in comparison to
those obtained with resting lymph node T-cells. In addition to their blastoid
phenotype, newborn TCR-high thymocytes differed from resting adult T-cells
in that they contained about 20% CD4+8+, and a small but significant fraction
(about 5%) of IL-2R+ cells. In addition, 21% of TCR-high blasts were in the S
and G2/M phases of the cell cycle as compared to only 0.6% of adult lymph
node T-cells.

cDs8
"First wave" !' ;
TCR-high i 8
thymocytes
CcD8
adult
lymph node
T-cells |
" CD4

size (FSC) DNA-content iL-2 receptor CD4/8 status

Fig. 4. Phenotype and cell cycle status of first-wave TCR-high rat
thymocytes. TCR-high cells were enriched from new born thymocytes by
collecting the low densitity fractions of a percoll gradient and selecting for
cells expressing the OX-44 antigen restricted to medullary and CD4-8-
thymocytes (Paterson et al. 1987). Nylon wool passed lymph node cells are
included for comparison. Gates were set on TCR-high cells that were either
stained for additional surface markers or for DNA-content with Hoechst stain.
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IN VITRO REACTIVITY OF FIRST WAVE TCR-HIGH THYMOCYTES

The proliferative response of highly enriched TCR-high new born thymic
blasts to TCR- and CD2-induced triggering was compared to that of resting
peripheral T-cells. The results in Fig. 5 show: 1. As expected from cell cycle
analysis, some "spontaneous" thymidine incorporation was observed during
the first 16 hrs in the thymocyte cultures but not in those of peripheral
T-cells. 2. The thymic blasts, but not the peripheral T-cells, responded to
IL-2 with proliferation, confirming the presence of IL-R+ cells in the former
population. 3. A much stronger response was observed to crosslinked anti-TCR
mAb plus IL-2. The maximum response of new born TCR-high thymocytes was
already observed on day 1, in contrast to the peak response of peripheral
T-cells that occurred on day 2 of culture. 4. Stimulation with anti-CD2 plus
IL-2 also followed accelerated kinetics in "first wave" TCR-high thymocytes
as compared to lymph node T-cells.

Additional studies (not shown) have indicated that cultivation of newborn
TCR-high blast cells with anti-TcR mAb in the absence of IL-2 rapidly
induces cell death. These functional and phenotypic properties of "first wave"
TCR-high thymocytes, and the presence of such blast cells as a very minor
population among adult thymocytes (not shown) suggest that after or during
upregulation of the TCR to a mature level, thymocytes pass through an
activated state in which they may still be sensitive to signals involved in
repertoire selection.

Fig. 5. Proliferative

response of first-
medium IL-2  (net) wave TCR-hlgh
thymocytes and of
new born TCR-high adult lymph node
T-cells to IL-2 and to
TCR- and CD2-
o mediated stimulation.
The responses of
newborn thymic
antl-TCR + IL-2 (net) antl-CD2 + IL-2 (net) blasts (85% TCR-hlgh)
are compared to those
200007 of nylon wool-passed
adult lymph node
i cells (85% TCR+). For
"net" cpm, values
obtained in medium
only were subtracted
from the IL-2
response, and values
obtained with IL-2 were subtracted where responses to crosslinked
anti-TCR mAb plus IL-2 or to anti-CD2 mAbs plus IL-2 are shown.

10000

adult LNT

3H-Thymidine incorporation, cpm

day 0 day 1 day 2 day 3 day 0 day 1 day 2 day 3
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EFFECTS OF NEONATAL INJECTION OF ANTI-TCR AND OF ANTI-CD2 MABS ON THE
GENERATION OF MATURE RAT T-CELLS

Rats were treated postnatally with mAbs to the a/B-TCR or to CD2. Biweekly
intraperitoneal injections of mAb doses were administered that had been
found to saturate all peripheral binding sites. In the thymus, however, only
partial saturation was achieved with these doses of mAb.

Fig. 6 compares the T-cell composition in the lymph nodes of 6 wk old rats
that were either injected with PBS, anti-a/B-TCR mAb R73, or the
non-stimulatory anti-CD2 mAb OX-34.

Injection of R73 mAb virtually eliminated o/B-TCR+ cells. Most of the
residual CD5+ (i.e. T-cells) remained o/B-TCR-negative when cultured for 2 d
in vitro. They were mostly CD4-8+ (not shown) and thus were of the same
phenotype as the y/& T-cells identified in normal animals (see above). A small
fraction of freshly isolated CD5+ cells in R73-suppressed animals did,
however, express a low level of the a/B-TCR. These cells had modulated their
antigen receptor, since upon cultivation, they upregulated the R73 antigen
(not shown). In the thymus, o/B-TCR-high cells were largely depleted (not
shown) in R73-treated animals, whereas the other subpopulations were not
visibly affected. Since thymic o/B-TCR epitopes had not been saturated, no
firm conclusions can be drawn from these results.

Injection of anti-CD2 mAb from birth led to a completely different picture:
The periphery of treated animals was severely (at least four-fold) depleted of
o/B-TCR+CD4+ cells but contained normal frequencies of a/B-TCR+CD8+ and of
o/B-TCR-negative, CD5+ cells. It appears unlikely that this selective
reduction in the "helper" T-cell compartment reflects a difference between
T-lymphocyte subpopulations in their sensititvity to peripheral mechanisms
of mAb-mediated elimination of cells (complement, ADCC, opsonisation).
Accordingly, at least three other possibilities have to be considered: 1.
Occupancy of CD2 by mAb OX-34 interferes more severely with maturation of
CD4 than of CD8 T-cells, 2. Migration of newly formed CD4 cells to their
peripheral sites is more dependend on CD2-LFA-3 interaction than that of CD8
T-cells, and 3. CD4, but not CD8 cells have to expand peripherally in order to
reach normal numbers and this proliferation is inhibited by anti-CD2 mAb.
Since the fraction of CD4+8- thymocytes was not dramatically altered even
when very high mAb doses were injected that did saturate all 0X-34 epitopes
in the thymus (not shown), specific inteference with maturation of CD4 cells
appears as the least likely of these hypotheses.

IMMUNE REACTIVITY OF ANTI-o/B-TCR AND ANTI-CD2 TREATED RATS

The results obtained in a large number of experiments with neonatally
a/B-TCR-suppressed rats and in a limited number of anti-CD2-treated rats
can be summarized as follows (data not shown):

1. Alloreactivity. Even after enrichment of CD5+ cells by nylon wool
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filtration, lymphocytes from «/B-TCR-suppressed did not mount a
proliferative response to allogeneic stimulator cells even in the presence of
IL-2. Thus, a/B-TCR-negative T-cells (including, or identical with, y/8-T-cells)
are unlikely to contain a high frequency of alloreactive cells. In contrast,
T-cells from anti-CD2 treated animals did respond in MLR. This response was,
however, dependend on the addition of exogenous IL-2, suggesting that under
our experimental conditions, provision of IL-2 from CD4+ cells (which had
been largely depleted) was limiting.

2. T-cell help for B-cells. Injection of neonatally anti-a/B-TCR-suppressed
rats with the strong T-dependent antigen KLH in alum plus pertussis resulted
in no measurable specific antibody response. Thus, y/3-T-cells cannot replace
the a/B-TCR+ helper T-cells when the latter compartment is suppressed from
birth.

3. NK-cell activity. Neonatal suppression of a/B-TCR+ T-cells had no adverse
effect on NK activity. Rather, a 2-8 fold enhancement was observed in
individual animals, suggesting that NK cells may be upregulated to some
degree in compensation for the lack of the major T-cell compartment.

T'cyﬂm':h node Tg:"?h node fhymus Fig. 6. Lymphocyte
165.9% Lo subsets in rats
pBS ‘ : treated from birth
with mAbs to the
TCR a/B-TCR or to CD2.
Flow cytometric
TCR | TCR | analyses of cells
' from 8 wk old
antl- . .
animals. Indirect
wB-TCR |- w staining was used
TcR for the mAb used
for in vivo
treatment.
antl-
cD2
TCR

This work was supported by Bundesministerium fir Forschung und
Technologie, by Deutsche Forschungsgemeinschaft through SFB 217, by
Genzentrum e.V., and by Fonds der Chemischen Industrie. The help of Dr. M.
Kubbies with cell cycle analysis is gratefully acknowledged.

REFERENCES

Bierer B, Peterson A, Gorga JC, Herrmann SH, Burakoff, SJ (1988)
Synergistic T cell activation via the physiological ligands of CD2 and
the T cell receptor. J Exp Med 168: 1145-1156

145



Clark SJ, Law DA, Paterson DJ, Puklavec M, Williams AF (1988) Activation
of rat T-lymphocytes by anti-CD2 monoclonal antibodies. J Exp Med
167:1861-1872.

Giegerich GW, Hein WR, Miyasaka M, Tiefenthaler G, Hiinig T (1989)
Restricted expression of CD2 among subsets of sheep thymocytes and
T-lymphocytes. Immunology 66:354-361

He Q, Beyers AD, Barclay AN, Williams AF (1988) A role in tramsnmebrane
signaling for the cytoplasmic domain of the CD2 T lymphocyte surface
antigen. Cell 54:979-984

Hunig T (1985) The cell surface molecule recognized by the erythrocyte
receptor of T-lymphocytes. J Exp Med 162:890-901

Hinig T (1988) Crosslinking of the T cell antigen receptor interferes with
the generation of CD4+8+ thymocytes from their immediate CD4-8+
precursors. Eur J Immunol 18:2089-2092

Hunig T, Wallny H-J, Hartley JK, Lawetzky A, Tiefenthaler G (1989a) A
monoclonal antibody to a constant determinant of the rat T cell antigen
receptor that induces T cell activation. Differential reactivity with
subsets of immature and mature T lymphocytes. J Exp Med 169:73-86

Hinig T, Tiefenthaler G, Lawetzky A, Kubo R, Schlipkdter E (1989b) T-cell
subpopulations expressing distinct forms of the T-cell receptor in
normal, athymic, and neonatally o/B-T-cell receptor suppressed rats.
Cold Spring Harbor Symp Quant Biol. In press.

MacKay CR, Hein WR, Brown MH, Matzinger P (1988) Unusual expression of
CD2 in sheep: implications for T cell interactions. Eur J Immunol
1681-1688

Meuer SC, Hussey RE, Fabbi M, Fox D, Acuto O, Fitzgerald KA, Hogdon JC,
Protentis JP, Schlossmann SF, Reinherz EL (1984) An alternative
pathway of T cell activation: a functional role for the 50 kd sheep
eryhtrocyte receptor protein. Cell 36:897-906

Paterson DJ, Green JR, Jefferies WA, Pukilavec M, Williams AF (1987) The
MRC OX-44 antigen marks a functionally relevant subset among rat
thymocytes. J Exp Med 165:1-13

Tiefenthaler G, Hiinig T, Dustin ML, Springer TA, Meuer SC (1987) Purified
LFA-3 and T11TS are active in CD2-mediated T-cell stimulation. Eur J
Immunol 17:1847-1850

Vujanovic NL, Herberman RB, Olszowy MW, Cramer DV, Salup RR, Reynolds
CW, Hiserodt JE (1988) Lymphokine-activated Killer Cells in Rats:
Analysis of Progenitor and Effector Cell Phenotype and Relationship to
Natural Killer Cells. Cancer Research 48: 884-890

Williams AF, Barclay AN, Clark SJ, Paterson DJ, Willis AC (1987)
Similarities in sequences and cellular expression between rat CD2 and
CD4 antigens. J Exp Med 165:368-380

Yagita H, Nakamura T, Karasuyama H, Okumura K (1989) Monoclonal
antibodies specific for murine CD2 reveal its presence on B as well as T
cells. Proc Natl Acad Sci USA 86:645-649

146



Tolerance Induction Using CD4 and CD8 Monoclonal
Antibodies

H. Waldmann, S.P. Cobbold, and S. Qin

INTRODUCTION

The immune system maintains a constant capability to respond to the
outside world while remaining unresponsive to self. There may be two
broad explanations for self-tolerance. First there must be some self-
molecules which are simply invisible or cryptic to the immune system
(see Waldmann et al. 1989%a). In this case ignorance maintains
unresponsiveness. Second, some self-molecules become visible to
lymphocytes with complementary receptors and are able to inactivate or
"tolerise" those cells. For T-cells the visible antigens would be
processed peptides presented on cell surfaces together with the
individual's own MHC Class I and Class II gene products. It is not
known for any individual cell or even tissue what number of different
peptides are used to define "self". Some peptides are likely to be
ubiquitous (present in all cells), while others may be restricted to
defined cell types. Endogenous peptides may be invisible (cryptic) for
reasons of quantity, capacity to bind to MHC, and failure to compete in
processing, transport and access to MHC molecules.

In the thymus (central) self-tolerance appears to arise by deletion of
T-cells with receptors for any visible-self peptides that can be
expressed in there. The T-cells which eventually leave the thymus
will then encounter further self antigens in the periphery. Tolerance
must be established to these. The mechanisms which are used to achieve
peripheral tolerance remain to be defined.

In clinical practise it would be highly desirable to exploit knowledge
of the self-tolerance pathways to permit long-term acceptance of
foreign grafts and correction of autoimmunity and allergy. Practical
realities dictate that, for humans, tolerance-therapy should largely
operate through exploitation of peripheral tolerance mechanisms, as
central (thymic) tolerance may be unachievable except in the case of
bone-marrow grafting where donor cells/ antigens may actually access
recipient thymus.

Most peripheral T-cell responses to foreign antigens require
participation of a number of so-called "adhesion molecules" in concert
with the T-cell receptor. These include CD4, CD8, CD1la/CD18 (LFA-1)
and CD2 (LFA-2). Monoclonal antibodies to these molecules can block T-
cell function both in-vitro and in-vivo. Certain monoclonal antibodies
(Mabs) to CD4 and CD8 can also deplete each of the T-cell subsets in-
vivo (Cobbold et al. 1984). In these circumstances of T-cell depletion,
and/or blockade; it has been possible to introduce a foreign antigen
to the immunosuppressed animal and to determine what record the immune
system had kept of the antigen encounter when antibody therapy was
stopped and full immune function restored.

We have found, and will review here the evidence, that CD4, CD8 and

CDlla Mabs can create within mice a tolerogenic milieu which permits
tolerance to be acquired to a range of foreign proteins, and to marrow
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and skin allografts. In some of these models tolerance must have been
induced in peripheral T-cells. These provide novel experimental systems
for studying mechanisms of peripheral tolerance as well as pointing to
the use of comparable strategies for tolerance induction as a
therapeutic procedure in humans.

ANTIBODIES

We will be referring to antibodies as either depleting or
blocking/non-depleting. Where we have wished to definitely prove that
cell-depletion was not essential to tolerance induction we have used
F(ab'), fragments. The Mabs capable of depleting CD4+ T-cells (YTS 191
and YTS 3), and those able of eliminating CD8+ cells (YTS 169, YTS 156
and YTS 105) have been previously described (Cobbold et al. 1986; Qin
et al. 1989). To provide the non-depleting Mab to CDlla we used the
hybridoma FD441.8 (Sarmiento et al. 1982) and to CD4, the rat IgG2a
Mab YTS 177 (Qin et al. 1989). To follow the behaviour of T-cells with
serologically defined receptors we used the VB6 Mabs 44-22-1 and 46-6B5
(Paynes et al. 1989; MacDonald et al. 1989).

TOLERANCE TO XENOGENEIC RAT AND HUMAN IMMUNOGLOBULINS.

All forms of CD4 mab (depleting, non-depleting, fragments) permit
tolerance to rat and human xenogeneic immunoglobulins if these antigens
are given under the umbrella of a short course of Mab therapy (Benjamin
and Waldmann, 1986; Benjamin et al. 1986; Gutstein and Wofsy, 1986; Qin
et al. 1987; Carteron et al., 1988; Benjamin et al. 1988. The non-
depleting CDlla Mab was also permissive for HGG tolerance (Benjamin et
al. 1988). Tolerance could be induced in the peripheral CD4 T-cell pool
itself without involvement of any newly generated T-cells, as neither
the induction of tolerance nor its expression required CD8 cells; nor
the presence of a thymus (Wise and Waldmann in preparation). Adoptive
transfer studies revealed tolerance at the level of T-helper cells with
no demonstrable suppression. The duration of tolerance was unlimited if
the antigen (the =xenogeneic immunoglobulin) was reinjected into
tolerant mice at regular intervals. No further CD4 Mab therapy was
required beyond the first tolerance-inducing regime.

The basic observations outlined above suggested that Mabs to T-cell
adhesion molecules might be similarly tolerance-permissive for more
complex antigenic systems such as cellular allografts. As CD8 cells can
themselves reject allografts (Cobbold et al, 1986), we combined CD8
Mabs together with CD4 antibodies in this series of studies.

TRANSPLANTATION TOLERANCE

Classical-type Transplantation tolerance

Billingham et al. (1953) demonstrated that the injection of allogeneic
haemopoietic cells into newborn mice could produce both donor
chimerism and donor-specific transplantation tolerance. If allogeneic
bone marrow transplants could do the same in the adult, then
simulataneous marrow + organ grafting might provide an alternative to
the long-term immunosuppression presently required for sustaining
allogeneic tissue grafts. Numerous attempts to achieve classical
transplantation tolerance in adult rodents have failed except where
ablative regimes of irradiation, chemotherapy and broad specificity
anti-lymphocyte sera have been used to destroy host immune and marrow
function (Rappaport et al. 1987; Slavin et al. 1987; Thomas et al.
1983; Ilstad and Sachs 1984; Mayumi et al. 1986). Recently, however we

148



have demonstrated Classical-type Transplantation Tolerance in a number
of mouse strain combinations using very short courses of depleting
(CD4 and CD8) antibodies to smuggle in the foreign marrow. This was
achieved without any other lympho-or myelo-ablative agents. Although we
have succeeded with strain combinations differing at multiple-minor or
Class I + minor histocompatibility differences, we have been less
successful across complete MHC+ minor incompatibilities. Here, long-
term chimerism and donor-specific unresponsiveness required the
addition of a CDlla Mab and 300 rads (non-lethal) whole body
irradiation (Benjamin et al. in preparation). Similar results have been
obtained by Sharabi and Sachs (1989) who have used depleting CD4 and
CD8 mabs together with thymic irradiation to produce mixed chimerism
and tolerance across complete H-2 differences.

In the H-2 matched multiple-minor mismatch (B10.BR to CBA/Ca)
combination both the CD4 and CD8 mabs were required to prevent
rejection of donor marrow, thus permitting low-level donor chimerism
and donor specific tolerance. Although our initial studies had involved
depleting antibodies it became clear that non-depleting antibodies
were sufficient (Qin et al 1989), just as for the xenogeneic proteins.
Again the likeliest explanation was that antigen could tolerise
peripheral T-cells if the CD4 and CD8 adhesion molecules were pre-
occupied with antibody.

Tolerance Of Recipient-type T-cells to Donor Alloantigens: Where we had
used depleting protocols it was theoretically possible that any new T-
cells that developed might have arisen from donor stem cells. If so we
would not have been able to claim true transplantation-tolerance. In a
combination (AKR into CBA) where we could monitor the origin of the
reconstituting T-cells, we observed that the majority of T-cells were
Thy 1.2+ although there were clearly donor Thyl.1+ cells detectable.
Recipient T-cells must, therefore, have been tolerant to donor
antigens.

Mechanisms of Tolerance: CBA/Ca (Mlsb) mice tolerant of AKR were unable
to mount a proliferative response to AKR stimulators (Mls 2) in-vitro
even though we could show that they had normal levels of Vg6+ T-cells.
In contrast previous work (Kappler et al.1988; MacDonald et al. 1989)
had suggested that central tolerance induced in the thymus to Mls
alloantigens was associated with loss of T-cells expressing particular
VB specificities. In our antibody-facilitated chimeras we have been
able to show that all the VB6+ cells are of recipient type (Qin et al.
in preparation), while in radiation chimeras where all T-cell
reconstitution proceeds through the thymus, Vg6+ cells are in fact
deleted. This suggests that in tolerant animals all the W 6+ cells were
derived from the peripheral T-cell pool of the CBA/Ca rec1p1ents In
other words the peripheral T-cells had become tolerant to M1s® but had
not been deleted. By analogy with B-cell tolerance this might be coined
"anergy". Surprisingly, VB86+ cells of half of the tolerant animals
could be stimulated to proliferate with a mitogenic V86 antibody. T-
cells from other mice all remained anergic even with such a strong
stimulus. This either means that anergic cells can be triggered if
given a sufficient stimulus, or that the responsive cells are not Mls
specific.

We have found that neither chimerism nor tolerance generated in this way
is easily broken by boosting with donor cells, or even infusion of
normal non-tolerant cells. It can however be broken by infusion of
primed cells. This suggests that anergy may be only one of the
mechanisms by which peripheral tolerance is maintained , and that other
forms of regulation may be operating.
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Fig. 1. Tolerance of CBA/Ca mice to B10.BR skin transplanted under
cover of CD4 and CD8 monoclonal antibodies. Mice were transplanted on
day 0 with tail-skin. One group received 3 injections of synergistic
rIgG2b depleting CD4 and CD8 mabs (1.2mg/ mouse total) from the time of
grafting. Two other groups received 3 weeks therapy with the non-
depleting rIgG2a CD4 and the rIgG2a CD8 Mabs only (9mg/ mouse total) or
1 week of rIgG2b depleting Mabs fol lowed by 2 weeks of the rIgG2a Mabs.
Fresh grafts were transplanted onto these same recipients after 3
months from B1l0. BR strain (solid lines) or B10. D2 strain (dotted
lines).
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Fig. 2 Tolerance of CBA/Ca mice to AKR/J skin transplanted under cover
of CD4 and CD8 mabs. Groups of mice were transplanted as above under
cover of the combined rIgG2b (2 doses) and rIgG2a CD4 and CD8 Mab
regimen. Fresh grafts were transplanted after 4.5 months. 8/10 first
grafts have remained normal (MST > 200 days). A proportion of tolerant
animals rejected their second AKR graft (1/8), and all eventually
rejected a third party B10. BR graft (MST=28 days).
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Tolerance to Skin-Grafts

In the models we described above the "tolerogen" was disseminated
through the body in the form of a donor haemopoietic system. It would
not be difficult, therefore to imagine that all host T-cells could
have easy access to donor antigens for tolerance induction and
maintenance. This would not always be expected with a small patch of
donor skin as the only available source of donor antigen. In the
situation where donor and recipient show MHC identity but differ in
minors then reprocessing of donor-skin minors and their continued
presentation on host haemopoietic cells would allow a geographically
constrained source of donor antigen to exert a diverse influence. In
contrast, when donor and host are mismatched at MHC then only the graft
should be able to provide the contact-antigen. (This assumes that
reprocessing of majors {+donor minors} is not operating for tolerance).

We sought to establish whether a limited course of CD4 and CD8 Mab
therapy would create a tolerance-permissive environment for skin
grafts. To our surprise we have been able to demonstrate skin-graft
tolerance not only in MHC-matched minor-mismatched combinations, but
also across complete MHC + minor differences. (Cobbold, Qin, Martin and
Waldmann, in preparation; Qin, Cobbold, Kong, Parnes, and Waldmann, in
preparation)

Tolerance Across Multiple-Minor-Mismatch Combinations: In Fig. 1 we
show skin graft survival of B10.BR skin onto CBA/Ca using three
different Mab treatment protocols (Cobbold et al.; Qin et al. in
preparation). The short course of three injections of depleting
synergistic pairs of rIgG2b CD4 and CD8 mabs (3 injections over 4
days), was insufficient to produce tolerance to skin alone, even though
this protocol was adequate for tolerance induction to a combination of
marrow and skin (Qin et al. 1989). In constrast the combination of a
non-depleting rIgG2a CD4 mab with CD8 Mab given over 3 weeks was able
to induce long-term skin graft tolerance. The substitution of a short
course of depleting antibodies for the first week did not alter the
outcome. The same antibody combination allowed CBA/Ca mice to become
tolerant of AKR/J skin (Fig. 2). As CD4 cells are the major effectors
of rejection in these combinations we must conclude that blockade of
CD4 cells with monoclonal antibodies over a period of three weeks will
allow tolerance to occur. Short periods of blockade are insufficient
(Qin et al. in preparation). Presumably prolonged blockade provides
time for antigen to be disseminate and tolerise all relevant T-cells.
We know that CD8 Mabs are required but have not yet examined whether
depletion or blockade was necessary.

Tolerance to Skin Grafts Mismatched for both Major and Minor

Transplantatipn Antigens: In Fig. 3 we show skin-graft survival dﬁfa
where B10 (H-2") donor skin was grafted onto CBA/Ca recipients (H-2

We have analysed a number of different antibody combination protocols
The successful one required three weeks of antibody therapy, where a
short course of depleting rIgG2b antibodies (CD4 + CD8) was followed by
the rIgG2a CD4 and CD8 (non-depleting for CD4). Tolerance to the first
skin graft lasted indefinitely (MST > 200 days). Remarkably, second
grafts from fresh B10 donors were virtually all rejected at a very slow
rate (MST 44 days). In other words tolerance was fully maintained to
the first "tolerance-inducing" graft, whilst it could only have been
partial to the challenge graft. The only plausible explanation was that
the process of grafting itself exposes new visible peptides to which
the recipient is not tolerant. These are able to induce a rejection
response that can only exert itself on the challenge graft. The slow
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Fig. 3. Tolerance of CBA/Ca mice to skin grafts from H-2 + minor
mismatched donors (C57/BL.10 to CBA/Ca). CBA/Ca mice received tail
skin from B10 mice under cover of CD4 and CD8 Mab therapy. Test groups
received 2 depleting doses of the rIgG2b CD4 and CD8 synergistic sets
(800ug total Mab per mouse), followed by the rIgG2a Mabs up to 3 weeks.
Controls received no antibody. All animals received fresh grafts after
4 months. All the first B10 grafts have remained intact (> 200 days).
Second B10 grafts have rejected at a relatively slow rate (MST = 44
days). Third party BALB/c grafts were rejected promptly (MST = 13
days) .

PRIMED _MINORS

AKR/J —— (AKR/J primed) CB A
IgG2b +IgG2a (D4L+8
1st graft

100

“w

< 80

g

@ . | 2ndgraft

< 07 :

% :

o 407 b

c :

= 3rd party |

g 20 minors |

@ {B10BR) |

S 0 T T . T .
0 50 100 150 200

time from grafting (days}

Fig. 4 Tolerance induction in mice previously primed to the
alloantigens of.the donor. CBA/Ca mice were previously primed to
irradiated (2500 rads) AKR spleen cells and two weeks later grafted
with tail skin from the same donors under cover of the rIgG2b/ rIgG2a
CD4 and CD8 combination as above. Fresh skin grafts were again
transplanted after 100 days. All the first grafts remain intact (MST )
140 days); a proportion of the second grafts (3/7) have rejected while
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