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VOORWOORD

Op é8n van de eerste bladzijden van dit proefschrift wil ik graag
enkele woordén wijden aan de voorplaat. Het schilderij dat hier is
weergegeven heeft als titel "Artistoteles peinzend bij het borstbeeld
van Homerus' en is door Rembrandt in 1653 geschilderd. Naar mijn idee
zijn in Rembrandt, Aristoteles en Homerus drie essentile
eigenschappen voor een wetenschapper weergegeven: Aristoteles, de
filosoof, was een briljant denker} Homerus, de dichter, was een
begenadigd verteller en tenslotte Rembrandt, de schilder, was een
begaafd interpretator, compositeur en 'uitvoerder'.

Echter;deze kenmerken zijn nog niet genceg om cptimale prestaties te
leveren: er bestaat ook nog zo iets als "sfeer'.

De jaren waarin ik mijn onderzoek heb verricht, kunmen het beste
worden gekarakteriseerd door de openingszinnen van het boek 'A tale
of two cities' van Charles Dickens: "It was the best of times, it

was the worst of times, it was the age of wisdom, it was the age of
foolishness, it was the epoch of believe, it was the epoch of
incredulity, it was the seascn of light, it was the season of
darkness, it was the spring of heope, it was the winter of

despair.....
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AIM OF THE STUDY

Vertebrates possess a surveillance mechanism, called the immune
system, that protects them from diseases caused by micro-organisms,
such as parasites, bacteria and viruses. Furthermore, the immune
system plays a central role in the rejection of foreign organ and
tissue transplants. The immune system recognizes foreign invaders
specifically and eliminates them selectively. Each entity that
induces an immune reaction is called an antigen., Immune
responsiveness involves two major effector mechanisms: humoral
antibodies and cell-mediated reactions. All the cells that are
involved in immune responses are a part of the lymphohemopoietic
system, and arise from pluripotent hemopoietic cells in the bone
marrow. The cells that are able to recognize antigens specificlly are

called lymphocytes.

Two major types of lymphocytes can be recognized: T lymphocytes, or

T cells, which undergo an essential differentiation phase within the
thymus and B lymphocytes, or B cells, which largely mature within the
bone marrow itself. In these organs the lymphocytes acquire
characteristic cell surface markers, antigen-specifiec cell surface
receptors and immunccompetence. Furthermore, T lymphocytes learn to
discriminate between the components of the own body ('self') and
external antigens ('non-self'}, Following this maturation stage, the
T and B lymphocytes migrate to peripheral lymphoid organs, such as

lymph nodes and spleen, in which they are located in specific areas.



Upon encounter with the antigen for which they are specifically
programmed, the lymphocytes enlarge and become active cells: T cells
become involved in cellular immune reactions (e.g., delayed-type
hypersensitivity reactions of which the Mantoux-reactiom is a
classical example; killing of virusinfected cells; rejection of organ
transplants; resistance to certain tumors), or perform regulatory
functions {(i.e., help or suppressiom of other T andfor B cells).
Antigen—activated B cells, on the other hand, transform into plasma
cells, which produce proteins called antibodies. These antibodies
bind specifically to the antigen that induced their production and
are able to initiate several effector mechanisms for eliminating that

particular antigen.

In diseases such as aplastic anemia, leukemia and immunodeficiency
the patients frequently suffer from the consequences of an impaired
immune system (e.g., recurrent infections with bacteria, viruses,
parasites, etc.). One of the therapeutic modalities for the latter
patients is the donation of a new immune system by transplantation

of bone marrow cells, However, one of the major problems which
complicate this treatment is Graft-versus-Host (GvH) disease, which
occurs when immunologically competent cells {(or their precursors) are
transplanted into recipients who are immunoclogically erippled because
of their underlying disease or their (chemo)therapy. The
immunocompetent T cells derived from the donor marrow transplant

recognize the recipient's tissue as foreign and react against them.
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Although during the last 10 years a lot of progress has been made in
the prevention and treatment of GvH disease after clinical bone
marrow transplantation, there is still a lack of insight into the
underlying mechanisms. The present state of knowledge in this field
is reviewed in the next chapter, which puts emphasis on the cellular
immunological aspects and the genetic incompatibilities that are
required between the donor and the recipient.

It was the aim of the studies dese¢ribed in this thesis to investigate
the cellular and genetic requirements for GvH reactions in a
preclinical model, using mice as experimental animals, and especially
to find ways to minimize or prevent the anti-host immune reactivity.
After having established a procedure for the induction of suppressor
T cells that could inhibit the anti-host immune response during GvH
reactions, we characterized these T cells and their precursors. These

studies are described in the Appendix publications.
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GRAFT-VERSUS-HOST DISEASE: MECHANISMS AND CONTEMPORARY THEORIES

H. BRIL AND R. BENNER
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Parts of this chapter will be published as a review article for

'CRC Critical Reviews in Laboratory Sciences’.
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I INTRODUCTION

For both the basic scientist and the clinical transplanter,
Graft-versus-Host (GvH) reactions are still unresolved problems,
It is now firmly established that GvH reactions represent a com-
plex series of events, apt for studying the cellular dynamics
that proceed from the specific stimulation of antigen-geactive
lymphocytes in vivo. Interest has been focussed on the cellular
and genetic requirements that underly GvH reactions and the
various clinical symptoms of GvH disease.

The first formal description of GvH disease by Billingham
anéd others appeared almost 30 years ago (l-5). According to
Billingham (6} a GvE reaction can emerge when immunocompetent
lymphecytes are introduced into a host that confronts the graft
with a large degree of histo-incompatibility, and by itself is
unable to mount a comparable immunclogic attack against the intrusive
donor lymphoid cells. Early experiments identified the 'immunologi-
cally competent cell'’ predicted by Medawar as the cell responsible
for the initiation of GvH disease (7). Gowans demonstrated that
small lymphocytes play a cardinal role in eveking GvH reactions (8).
Since then many data have been gathered on the patholegy of GvH,
the cell~types involved in the primary intergction with antigen,
the antigen recognition by these cells, the ensuing differentiation
events and, last but not least, the expression of immunocompetence
of the host, cell-mediated as well as antibody-mediated. Most of

these results were obtained from studies with experimental animals
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since studies in humans are necessarily restricted due to ethical
aspects and the lack of appropriate controls,

In this paper we review GvH reactions with emphasis on animal
studies, in particular those ensuing from reconstitution of
irradiated hosts. Furthermore, we shall tfy to reconcile the
different models and discuss the mechanisms that may underly GvH
disease. Finally, we try to evaluate the relationship between GvH

reactivity and autoimmunity and between GvH and the development of

lymphoma.
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I1. GRAFT-VERSUS-HOST REACTIONS

1. Modes of induction

Among the most widely acknowledged forms of GvH reactions
are: runt disease, in which an immunclogically immature animal
is exposed to alloreactive lymphoid cells from an adult donor;
so-called 'secondary disease' in which the recipient initially
is protected from the lethal effects of ionizing irradiation, i.e.
primary disease, by engraftment of hemopoietic stem cells from an
allogeneic donor, but subsequently suffers from the attack by
mature alloreactive donor cells; parabiosis intoxication, which
can occur in case of chronic cross-circulation of peripheral blood
between two immunologically competent, but histoincompatible
individuals; and Fl hybrid disease, which occurs following the
injection of parental strain lymphoid cells into an Fl hybrid
animal derived from two histoincompatible inbred strains (9).

Of these forms of GvH reactions parabiosis intoxication does not
fulfill the criteria set by Billingham.

An interesting form of GvH reaction can occur when maternal
lymphocytes gain access to a histo~incompatible fetus via the
placenta, Beer and Billingham (10,11) have shown that transfer of
lymphocytes from domor rats, sensitized to allogeneic histocompa-
tibility antigens can cause fatal runt disease in a large proportion
of the progeny, provided the female rats had been mated with male
rats from the corresponding allogeneic strain. The incidence of runt

disease in these experiments was greater for sensitized lymphoid
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cells than for non-sensitized cells.

Maternally induced runt disease has been described not only
in rats. In mice, hamsters, guinea pigs, rabbits and humans the
same phenomenon has been described (11,12). In all animal species,
the timing of the immunization of the prospective mothers in
relation to conception was found to be important. These experiments
strongly suggest that runt disease is caused by immigrant lympho-
cytes from the maternal circulationm. In support of this concept,
it has been shown by Tuffrey et al. (13,14) that, in mice,
maternal-fetal leukocyte traffic occurs. CBA female mice, homozygous
for the T6 chromosome marker, were mated with sterile CBA (T6I6)
males, After 2.5 days, fertilized eggs from the unrelated CFW mice,
which lack the T6 marker, were placed into their uterine horns.
The progeny was killed 40-60 days after birth and bomne marrow and
lymphoid tissues were cytogenetically examined: indeed, 3-30% of

alien (T6T6) labeled cells were present in these tissues.

2. Kinetics

In an arbitrary way two types of GvH reactions can be
distinguished after irradiation and reconstitution, namely, the
acute and the delayed type. The acute or early type GvH reaction
is caused by grafts containing a high number of T lymphocytes (e.g.,
mouse spleen, monkey and human bone marrow; see Table I} and
causes mortality of the host within about 30 days after trans-
plantation. Diminuition of T lymphocytes from the graft prior to

transplantation results in a delay or abolition of the GvH reaction.
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This can be achieved by physical methods (e.g., density gradient
centrifugation) or biological approaches (i.e., incubation with
drugs, plant lectins, host antigens, host cells plus 3H—thymidine,

or anti-lymphocyte serum with or without complement (reviewed in

9 and 16)). Acute GvH reaction is correlated with a defined pathology
(see Section II.3).

The delayed type GvH reaction occurs in case of transplants
which contain relatively low numbers of T lymphocytes (e.g., mouse
bone marrow and fetal liver cells, human purified bone marrow
cells; see Table I). Some investigators claim that delayed GvH
reactions can also be provoked by immunocompetent cells which are
not present in the graft at the time of transplantation, but
develop in the host from a subpopulation of the transplanted cells.
They might descend from pluripotent hemopoietic stem ¢ells or,
alternatively, from immature cells of the T lymphocytic series (17).
The terms ‘delayed' and 'chronic’ GvH are often used
indiscriminantly. Delayed GvH may eventually result in a 100%
mortality of the irradiated recipients. This mortality might be
attributed to infection or to 'suppressive’ pathological symptoms
resulting in incomplete reconstitution (see Section IV-1 and V-5).
Chronic GvH usually presents itself with features of collagen
vascular disease, such as a systemic lupus erythematosus-like

syndrome (see Section II.3).

18



61

TABLE 1. GvH-inducing potential of cells from various lymphoid organs

Rodents Dog Monkey Human
bone marrow low Intermediate high high
spleen nigh 7 ? ?
lymph nodes high high ? ?
peripheral blood high high high high
thymus low 7 ? intermediate
fetal liver Iow ? low iow
fetal thymus low ? ? low

From ref. 15.



3. Pathology

The pathology of radiation chimeras has been studied in detail
in mice (18-21), man (22-24), monkeys (25), dogs (26), chickens
(27,28) and rats (29). These investigations revealed more or less
similar data.

The effect of the conditioning regimen (total body irradiation)
is profound. Clinically, this effect is characterized by skin
rash, which develops after irradiation and lasts for a few days,
nausea and vomiting. When no bone marrow transplantation is attempted
or the bone marrow graft fails to 'take', a pancytopenia ensues
and the recipient dies within 1 to 3 weeks. Among the causes of
death are bacterial infections, hemorrhages and anemia.
Histclogically, the bone marrow is aplastic, i.e. the cellularity is
less than 5%, which is 10-15 times less than in normal healthy
controls. Lymph nodes are also markedly hypoplastic, containing only
a few small lymphocytes. In addition, lymph node sinuses are
uniformly distended by erythrophagocytic histiocytes. In the skin,
round dyskeratetic cells with pyknotic nuclei can be seen, as well
as nonspecific foci of acute inflammation {(30).

Although some variations exist in all species studied, GvH
reactions cause cutaneous, hepatic and intestinal lesions. Despite
the use of sibling donors matched at the major histocompatibility
complex (MHC) and despite pest—grafting immunosuppression, GvH
disease occurs in approximately 70 percent of the patients with

succesful marrow grafts.
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The initial target organ of GvH reactions in almost all
cases is the skin. Skin lesions are characterized by rashk, bullae
and desquamation. Hepatic and intestinal involvement usually
appears several days after the rash, Intestinal involvement is
mainly in the form of diarrhea, nausea and vomiting, but may progress
towards abdominal pain and ileus. Liver disease is manifested by
rises in serum bilirubin levels (mainly conjugated). Serum glutamic
oxalacetic transaminase is usually in the range of 150 to 750 IU.
Fever, wasting and a decreased performance status are also
regularly seen with severe involvement. Although fever may be
a manifestation of GvH disease per se, it is most commonly due
to an associated infection caused by bacteriae (mostly gram—negative
rods), viruses (cytomegaly virus and varicella-zoster virus) or
fungi (e.g., candida albicans) (31-33).

Histologically, the mildest change observed in skin is focal or
diffuse vacuolar degeneration of epidermal basal cells and of
acanthocytes. In severe cases, focal or diffuse spongiosis
(separation and intercellular edema of basal cells and acanthocytes)
and dyskeratosis or eosinophilic degeneration cf epidermal cells
is observed. In more severe cases, clefts and spaces (acantholysis,
epidermolysis) occur after necrosis of basal cells and acanthocytes
in the basal and more superficial layers, resulting in separation
of the dermal-epidermal junction. In the worst cases, there is
frank loss of the epidermis. Similar changes can be found in hair-
follicle epithelium in synchrony with the epidermal lesions.

The collagen of the papillary dermis displays moderate severe

necrosis in severe GvH reactions.
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Inflammatory changes consist primarily of mononuclear infiltration of
epidermis and papillary dermis (34). In the oral and esophageal
mucous membranes, hyperbasophilic lymphocytes accumulate in large
numbers around superficial small vessels and then massively
infiltrate the overlaying basement membrane intc a spongiotic
epithelium. Once intraepithelial, the individual lymphocyte acquires
a characteristic 'hale' (30).

Two types of liver injury can be distinguished, depending on
the type of acute GvH disease. Whereas the patients with early-
onset acute GvH disease have predominantly hepatocellular necrosis,
those with late onset acute GvH disease have predominantly bile duct
injury (early onset acute GvH occurring at day 4-18 after transplant
and late onset acute GvH occurring at day 16-56 after transplant).
The hepatocellular necrosis is characterized by periportal acido-
philic cells and hepatocellular dropout as well as small foci of
acidophilic cells in the midzone region. The necrotic focl are
associated with a mild to moderate infiltrate of lymphoid mononuclear
cells (35).

The bile duct injury of late-onset acute GvH disease is
evidenced by epithelial dysplasia with nuclear and cellular
polymorphism, hyperchromasia, angulation of the nuclear membrane,
and frequently by pyvknotic nuclei. Cellular debris is often evident
in the ductal lumen. Lymphocytes occur both epiductally and as
infiltrations of duct walls (36).

The gastro-intestinal tract of individuals suffering from acute
GvH disease displays lesions of both the small and large intestines,

which are most severe in the distal ileum.
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The mildest histopathclogic zlteration is focal dilatation and
degeneration of the mucosal glands with a concomitant infiltration by
lymphocytes. Depgeneration appears to take place in a piecemeal
fashion. Affected crypt cells contain bare nuclei. Later on cellular
fragmentation occurs and eventual disintegration of entire crypts.
In the severest cases diffuse mucosal denudation occurs. With
increasing severity, muccsal and submucosal edema, flattening of
villi, epithelial cell atypia and necrosis, mucosal and submucosal
mononuclear cell infiltrate and bacterial and/or fungal colonization
can be found (34}.

Bone marrow specimens from lethally irradiated animals examined
very early after bone marrow allografting, exhibit a hypocellularity
ranging from 5 to 10 percent of normal. Degenerated megakaryccytes
are common, but by day 10 nonvacuolated, normal forms predominate.
Marrow regeneration is noted earlier than in recipients of autologous
marrow, appearing as foci of proliferating stem cells., Ribbons of
normoblasts disposed among dense collecticns of erythroblasts, blast
forms of the myeloid series and mature granulocytes become the
dominant microscopic feature. In the lymph nodes atrephy develops
after an early proliferative phase; total numbers of lymphoid cells
decrease and finally the lymphoid cells almost completely disappear.
During this process foci of lymphocytokaryorrhexis can be observed
(30).

Chronic GvH disease may present itself in various forms:
it may develop as a progressive disease subsequent to continuously
active GvH disease, as quiescent onset subsequent to the resolution

of acute disease, or as a de novo entity. In man, it generally
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develops more than 100 days after transplantation (37).

Chronic GvH disease is characterized by progression of the skin
lesions tec scleroderma-like phenomena. A sicca syndrome may accompany
the skin lesions. Patients with chronic GvH suffer from infections
caused by bacteriae (e.g., staphylococci, pneumococci and strepto-
cocci) and viruses (e.g., herpes zoster) (38,39).

Histologically in the skin progressive basal cell vacuolar
degeneration can be shown together with epidermal thinning. The
dermis is often fibrotic and edematous. Immunoflucrescence staining
shows IgG surrounding dermal collagen bundles (39). The liver shows
some portal fibrosis, but is otherwise relatively free of patho-
logical changes. Biopsies of the gastro-intestinal tract shows a
plasmacytoid-lymphocytic submucosal infiltrate in the small
intestine; extensive mucosal and submucosal esophageal fibrosis may
also occur similar to systemic sclerosis.

The lymphoid system shows a generalized Ilymphadenopathy.
Microscopic examination reveals decreased numbers of lymphocytes with
an increased number of plasmacytoid cells. Reticulohisticcytic cell
proliferation is prominent in the medulla and in perifellicular
areas.

In chronic GvH disease salivary glands and lacrimal glands
display lymphatic infiltration similar to that observed in Sjidgren's
syndrome. Furthermore, a spectrum of immune abnormalities is
observed including hypergammaglobulinemia, IgM paraproteinemia,
immune—-complex disposition, plasma cell hyperplasia, lymphocytotoxic
antibodies and autoantibodies to autclogous or donor lymphocytes.

Taken together, chronic GvH disease is a syndrome of collagen
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vascular disease associated with disordered immune regulation

features, immunodeficiency and autoimmunity (38,39).

4.  Grading systems

Grading systems for GvH disease have been devised to relate
clinical signs and histological changes to survival times., Thomas
et al. (31) attempted to classify the overall severity of clinical
GvH disease in a grading system ranging from 0 to IV based upon
clinical and histeclogical staging systems (Tables II, III and 1V).
Analysis of survival among their patients suggested that patients
can be placed into two groups: these without clinically evident
GvH disease (Grade 0) and those with GvH disease involving skin
only (Grade 1) show a survival of 55%, whereas patients with Grades
IT to IV have a survival of only 15%. The grading system may become
more meaningful as advances are made in the treatment of GvH disease
and the accompanying infections. A comparable grading system is used
by the American College of Surgecns (National Institutes of Health
Organ Transplant Registry, 1975) (40).

GvH disease may be very difficult toc diagnose. It can be
confused by conditions affecting several organs, e.g., virus
infections (cytomegalovirus), collagen vascular disease or
irradiation. Likewise specific diseases of the liver (chronic
aggressive hepatitis, bildiary cirrhosis, drugs), of the skin (virus
infections, drug eruptions, lupus erythematodes, allergic reactions)
and of the gastrointestinal tract (bacterial, viral and protozoal

infections) may cauvse histological changes which are very difficult
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to differentiate from those caused by GvH disease (see for detailed
descriptions the reports of Lermer et al. (34), Slavin and Santos
(23), Beschorner et al. (29), Shulman et al. {39) and Sale et al.
(41)).
Complications of chronic GvH disease may vary from autoimmune
disorders to the formation of lymphomas (see the Chapters IX and X).
It is striking that the target organs of GvH disease are mainly
restricted to skin, liver, gastrointestinal tract, oral mucosa,
and lymphoid and hemopoietic organs, These tissues are directly or
indirectly in contact with the milieu exterieur and with pathogenic
microorganisms. One might speculate that these microorganisms and
the changes they induce after ingestion by body cells lead to the
expression of Ia antigens by these cells, which then functicn as
targets for the ongoing GvH reaction (42,43). This concept is
supported by the data of Van Bekkum and Knaan. These zuthors have
ghown that barrier-maintained mice with sterile intestines do not
suffer from GvH disease after irradiation and allogeneic bone marrow
transplantacion (44). Also in the clinical situation elimination of
the gastrointestinal microorganisms and patient isolation have been

shown to prevent or reduce the GvH disease {45, 45a).
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TABLE II. Overall ciinical grading of the severity of GvH disease

Grade Degree of crgan involvement

o no clinically evident GvH disease

I + to ++ skin rash, no gut involvement, no liver
involvement, no decrease in clinical performance

I1 + to +++ skin rash, + gut involvement or + liver
involvement (or both), mild decrease in clinical
performance

III ++ to 4+ skin rash, ++ to +++ gut involvement,
or ++ to ++ liver involvement (or both), marked
decrease in c¢linical performance

v gimilar to Grade III with ++ to +4+ organ involvement

and extreme decrease in clinical performance

From ref. 3i.
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TABLE IIIL. Proposed clinical stage of GvH disease according to organ system

Stage Skin

Liver

Intestinal tract

+ maculopapular rash
<25% of body surface
H- maculopapular rash

25-50% of body surface

- generalized erythro-
derma
- generalized erythro-

derma with bullae for-

mation and desquamatiom

bilirubin
23 mg/100 ml
bilirubin
3-6 mg/100 ml
bilirubin
6=51 mg/i00 ml
bilirubin

>15 mg/100 ml

>500 ml diarrgea

per day

> 1000 ml diarrhea
per day

> 1500 ml diarrhea
per day

severe abdominal pain,

with or without ileus

From ref. 31.
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TABLE IV. Proposed histopathologic stage of GvH disease according to organ systems

Stage Skin Liver Intestinal tract

+ basal vacuolar <25% abnormal small dilatation of glands,
degeneration cr interlobular bile single cell necrosis
necrosis (or beth) ducts of epithelial cells

++ + plus spongiosis, 25-50% + plus necrosis plus
dyskeratesis, and ecsino-~ dropout of entire glands
philic necrosis of
epldermal cells

+++ ++ plus focal micros-— 50~75% ++ plus focal microscopic
copic epidermal-dermal mucesal denudation
separation

+H frank epidermal loss >75% diffuse microscopic mucosal

denudation
From ref. 31.



III. ASSAY SYSTEMS

A variety of GvH assays has been developed. Some are often
used (e.g., the mortality assay, splenomegaly assay and popliteal
lymph node assay), others are rarely used (e.g., liver infiltration
assay, splenic explant assay, Elkins' remal assay). We shall
discuss the assays most frequently used; for the other assays we

refer to the reviews by Elkins (46) and Grebe and Streilein (9).

1. Mortality assay

The course of GvH disease and its severity can be assayed by
determining the body weight change, the incidence of clinically
apparent disease and the mortality rate. These methods are simple
to carry out and can provide a valid indication that a GvH reaction
has been induced. From these the mortality rate is considered as the
most reliable parameter. Mortality can be expressed in twoe ways,
namely as mortality rate and as cumulative mortality. The former
expresses mortality at a given time point, the latter as the total
mortality at the end of the observation period.

It can hardly be cveremphasized, however, that the results
obtained by the mortality assay are substantially influenced by
host~related and environmental factors, such as effects of
irradiation, infection, hematologic and immunclcgic functions of
the graft, etc. Very striking is the effect of the gastrointestinal
microorganisms on the mortality in GvH. While in certain

donor-recipient c¢ombinations of conventionally bred mice a 100%
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mortality is observed, similar combinations involving germfree or

decontaminated mice show 100% survival (44),

Hence, it is difficult to attribute mortality to the donor anti-hcst
alloreaction only. Consegquently, the experiments have to be performed
under well-standardized conditions.

Generally, in mice the mortality is the highest after lymphoid
cell transplantation inte H-2 incompatible recipients (9). Lethal
GvH disease can alse occcur after transplantation of bone marrow cells
into lethally irradiated, H-2 identical but non-H~2 incompatible,
allogeneic mice., Under such conditions the mortality mainly occurred

between days 20 and 80 after irradiation (47,48).

2. 8plencmegaly assay

In 1959, Simonsen and Jensen desc¢ribed a phenomenon which has
grown out to one of the best known and widely used GvH assays (49).
They observed that neonatal mice, rats and chickens injected with
allogeneic lymphoid cells display splenomegaly. This prompted these
investigators to use the splencmegaly as a measure of the GvH
reaction. GvH splencmegaly peaks at 8 to 10 days after donor cell
inoculation. The so-called splenic index is caleculated as a quotient,
i.e.,

experimental spleen weight

hest body weight

control spleen weight

control body weight
A splenic index greater than 1.30 is indicative eof significant GvH

reactivity (49).
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Qver a certain range of donor cells the splenomegaly shows a
logarithmically linear relationship to the number of Lymphocytes
injected. Splenomegaly is nmot only an expression of the specific
anti-host immune reactivity but, secondarily, is influenced by a
response of the host lymphoid and/or hemopoietic cells {50).
Therefore, it is difficult to compare spleen indices of hosts
of different genotype even when inoculated with lymphoid cells
from identical donors. Moreover, the results may be confused by
the accompanying runt disease (46). Lastly, the extent to which
the spleen can enlarge is limited (see also the section about

the popliteal lymph node assay below).

3. Popliteal lymph node assay

The popliteal lymph node assay is based on the observation of
Levine (51} that the popliteal lymph nodes (PLN) may enlarge after
injection of parental strain lymphoid cells into a foot of Fl hybrid
rats. Within seven days after footpad injection, tha draining PLN in
rats may become 50 times as heavy as the original ones. This reaction
was found to be a local manifestation of GvH reaction and most
optimal after injection of lymphoid cells into semi-allogeneic hosts
(51).

Ford et al. (52) have shown that in the PLN assay the mean
lymph node weight was linearly related to the dose of cells injected,
when plotted on a double log scale. The method was found to be 10
times more sensitive and also more convenient than several other
assays, because fewer donor cells are needed to elicit GvH reactions,
the contralateral PLN can be used as a control and lastly, there is

no accompanying runt disease.

32



The degree of lymph node enlargement produced by a given dose of
cells was influenced by the volume in which they were injected. The
larger the volume, the smaller the PLN weight gain and vice versa.
Moreover, the age of the recipients is important: the older the
recipients, the less sensitive they are. The sex of the recipients,
on the other hand, does not affect the PLN enlargement (52).

Application of the PLN assay was extended to mice by Hardt and
Claésson (53). These authors determined the number of nucleated
cells in the 'test' lymph node and the contralateral 'control' lymph
node. The lymph node index was calculated as the ratio between these
numbers. Although in mice the PLN assay is less sensitive than in
rats (52,53), it is a very convenient and accurate assay in this
species as well.

The PLN assay is able to detect MHC as well as non-MHC diffe-
rences. The main stimulus seems to be the Class II alloantigens of
the MHC (54). In MHC-identical strain combinations, about 100 times
more cells are required te produce the same lymph node enlargement
as in MHC incompatible combinations (52). In mice. only non-MHC
allcantigens coded for by the Mls locus produce a significant
response at relatively low cell doses (35).

The major advantage of the PLN assay above the splenomegaly
assay in quantifying GvH reactivity of lymphoid cells is that the
lymph nodes can enlarge many times more than the spleen in the
splenomegaly assay. This holds for both the rat and the mouse
(52,53).

Injection of Fl hybrid cells into the footpad of parental mice

usually induces a Host~versus-Graft (HvG) reaction (56).
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This HvG reaction peaks on day 4, in contrast to PLN GvH reactions
which peak on day 7. Injection of alloreactive lymphoid cells into
the feotpad of fully MHC incompatible recipients results in combined
GvH and HvG responses preducing a smaller PLN enlargement than
unidirectional GvH reactions. The HvG component in this reaction can
be abrogated by sublethal irradiation of the recipients 24 hr before
donor cell injection (9). Thereby the GvH reaction augments (9).

PLN hypertrophy is highly dependent on host radiosensitive cells
which by themselves do not seem teo provide immunogenic stimuli.
These stimuli seem to be mainly provided by host radioresistant cells
(9).

Two mechanisms may underly the lymph node enlargement in the
PLN assay: proliferaticn in situ and trapping of recirculating cells
(57). In the experiments of Piguet et al, (50} lymph node enlargement
coincided with the kinetics of proliferation. Trapping of
recirculating cells might be enhanced by the longer migration pathway
in enlarged iymph nodes. Emeson and Thursh (58) demonstrated that
51Cr—labeled F1 lymphoid cells, injected intravencusly (iv) inte
syngeneic hosts 24 hr before sacrifying them to determine PLN
enlargement, are trapped in the challenged lymph node and contribute
considerably te the lymphadenopathy. However, it seems that the
former possibility might well be true: Ford et al. (59) have shown
that most of the cells proliferating in the enlarging popliteal lymph

node originated from the F1 hybrid host.
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4. Anti~host delayed-type hypersemsitivity

Our laboratory has developed a delayed-type hypersensitivity
(DTH) assay which is appropriate for measuring anti-~host immune
reactivity after transplantaticn of allogeneic lymphoid cells into
lethally irradiated recipients. This assay is based on passive
transfer of alloactivated donor T-cells to naive, i.e., unprimed,
secondary recipients syngeneic with the denor (60,61). Subsequently,
the non-irradiated secondary recipients are challenged in the
dorsum of the right hind foot with spleen cells that are syngeneic
with the irradiated recipients, i.e., the animals used for allo-
activation of the passively transferred cells. The DIH response to
the challenging cells is measured as the difference in thickness
of the hind feet 24 hr later. The DTH response is calculated as the
relative increase in foot thickness of the recipients of
GvH-activated cells minus the relative increase in foot thickness of

naive control mice which only received the challenge (see Fig. 1).

primary secondary recipient
recipient 8 syngeneic to A

750 é rad

24 hr anti-B

—————w= DTH
response

X days

e el
lymphoid cell
transfer (iv.)

inoculum A challenge with
2 x107 spleen cells
syngeneic to B

Fig. 1. Scheme of the experimental system used to demonstrate
GvH-related DTH against host histocompatibility antigens.
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Advantages of the assay are its reproducibility, the short interval
whereafter the DTH alloreactivity can be measured and the direct
measurement of the generation of anti-host directed T cell activities
(60,61), which is independent of the microbiological status of the
recipients. Disa&vantages, on the other hand, are its laboriocusness
and the fact that it can only be used in donor recipient cecmbinations
invelving H-2I and/or Mls differences. H-2K, H-2D and nen-H-2
alloantigens other than those enceded for by the Mls locus are by

themselves unable to elicit a GvH-related DTH reaction (62)}.

hemopoietic activity

5. Inhibition Of
Blomgren en Andersson {63) have described a GvH assay which is
based on the principle that the 59Fe uptake by the spleen of lethally
irradiated mice infused with syngeneic bone marrow cells is a measure
of the cngoing erythropoiesis. The latter can be inhibited by
simultaneous injection of the mice with alloreactive T cells. The
degree of inhibition is positively correlated to the number of
alloreactive T cells injected. Using this methed it is possible to
estimate the relative immunological reactivity of sensitized and
non-sensitized lymphoid cells against alloantigens. The authors
have demonstrated that, using this assay, the GvH reactivity of
only 6 x 104 lymph node cells or cortisone-resistant thymocytes can
be measured. Lymph node cells which had been sensitized in irradiated
allogeneic mice prior to injection into test mice of the same strain
were 2-4 times more reactive than the non-sensitized control
lymphocytes (63). The advantage of this assay is the elimination of

host lymphoid cell influences. However, the major disadvantage
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is the laboriocusness of the test. Furthermore, the subsetr of donor
T cells responsible for the suppression of erythropoiesis has not

been defined.

6. Phagocytic index assav

The phagocytic index assay is based on the observation of Howard
{64) that two weeks after injection of mouse parental lymphoid cells
into Fl hybrids, iv injected colloidal carbon is cleared from the
blood stream at an enhanced rate.
This rate of phagocytosis is measured in the phagocytic index assay.
An advantage of this assay is that quantitative data can be obtained
without the need of sacrifying the animal. However, there is a major
disadvantage: alteraticns in the monenuclear phagocyte system
resulting from the GvH reaction itself cannot be distinguished from
complications due to the GvH reaction, such as infection (46).

Thig assay is hardly used any more.

7. Chorioallantoic membrane assay

The choricallantoic membrane (CAM) assay has already been des-
cribed by Murphy (65) in 1916, although he was unable to recognize
its immunological basis and could not satisfactorily explain the
phenomena observed. He placed chicken spleen and bone marrow frag-
ments onto the chorioallantoic membrane of an allogeneic chick
embryo. During culture the explanted fragments enlarged and developed
into white nodules, which comprised mainly leucocytes {65). Later

studies revealed that each nodule or ‘pock’ represents the site
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were a single donor cell has lodged and reacted against the histo-
compatibility antigens of the host (66). The genesis of the "pocks'
represents donor cell proliferaticn. The CAM 'pock' count is the

only method for the direct enumeration of cells capable of initiating
GvH reactions, However, the visibility of the pocks may be subject

to extraneous influences, such as infection (46).

8, In vitro assays

The afferent arm or initiation phase of the GvH reaction
in vivo is generally thought to be represented by the mixed
lymphocyte culture (MLC) assay. The in vitro MLC assay is based on
blast transformation and proliferation of cocultured lymphocytes
obtained from allogeneic individuals. Stimulation of cell division in
the MLC is the outcome of recognition of histocompatibility antigen
determinants by specific, immunologically competent T lymphocytes
{67). When either population of lymphocytes can preliferate, the
assay is called a 'two-way MLC'. When the lymphocytes from one
individual cannot proliferate (e.g., due to irradiation or treatment
with mitomycin C) the assay is called a 'one-way MLC'. The extent
of preliferation is usually measured by tritiated thymidine (3H—TdR)
incorporation.

The MLC assay has been employed to answer several fundamental
questicons concerning the cellular and genetic requirements of allo~
reactivity. The data of Wilson, who did most of the exploring
studies, can be summarized as follows: the responding cell in the MLC
is a small lymphocyte; the addition of macrophages to the cultures

does not significantly affect the proliferative response;
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proliferative responses occur only when the cocultured lymphocyte
subpopulations differ at the MHC; and proliferative responses in
cultures of parental and ¥l hybrid cells are unidirectional (68).
Studies of Bach et al. (69-71) and Meo et al. (72) revealed that H-21
region coded alloantigens are most potent in inducing MLC reactions.
H~2X and H-2D coded alloantigens in the absence of H-2T region

differences induce relatively weak MLC reactions,

Similar observations were made in man by Eijsvoogel et al. (73).

Lymphocytes from donors made tolerant to allogeneic histo-
compatibility antigens at birth were specifically unreactive in MLC
against cells bearing antigens of the tolerance inducing strain, but
not te third party cells (68). The same phenomenon has been described
for GvH reactions: Gowans et al. (74) demonstrated that lymphocytes
from teolerant animals were unable to produce runt disease in the
relevant Fl hosts. Lymphocytes from donors systemically presensitized
at adult age exhibit a curtailed proliferative activity in mixed
cultures with cells from donor strain animals to which they had been
immunized (75}, This phenomenon can be explained by the observations
of Cerottini et al. {76) that during MLC's cytotoxic T cells are
generated which can specifically lyse lymphoblasts derived from
the original stimulator individual, thereby reducing the immunogenic
stimulus. However, it is equally well possible that the preimmuni-
zation induced specific (77,78) or nonspecific (79) suppressor
T cell activity.

The MLC may be used in predicting the outcome of bone marrow

transplantation in mice: Rodey et al. (80) demonstrated a correlation
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between MLC reactivity and chronic GvH disease in animals
immunosuppressed with cyclophosphamide and 4 Gy (400 rad)
X-irradiation and subsequently transplanted with bone marrow cells
from various allogeneic strains, In combinations where no or only
weak MLC reactivity could be detected between donor and host cells,
the GvH disease was very mild.

While the MLC is the in vitro equivalent of the afferent arm or
initiation phase of the GvH reaction, cell-mediated lympholysis (CML)
in vitro has been considered as representing the efferent arm or
effector phase of the GvH reaction, namely the alloreaction causing
the disease and ultimate death of the recipients (81).

Already activated cytotoxic lymphocytes generated during an acute GvH
reaction in vive do not produce GvH reactivity in the splencmegaly
assay (82). Moreover, cytotoxic donor T cells failed to cause lethal
GvH disease (83). Furthermore, skin transplant rejection under
Host-versus—Graft conditions has been shown to depend con Lyt—l+ T
cells (84) and the genetic requirements for skin graft rejection
correlate with those of DTH reactive T cells and not with those of
cytotoxic T cells (84). Therefore, it is questionable whether the CML
assay only is a good representative for the immunologic events
responsible for the ultimate death of the individuals suffering from

CvH disease (see also Section V.4).
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IV. GENETIC REQUIREMENTS

1. MHC alloantigens

In several in vivo and in vitre assays for GvH reactivity it has
been shown that, generally, the most severe GvH reactions cccur when
the deonor and the recipient differ at the MHC. This has been found in
a variety of species, including mouse (85), rat (86), dog {26),
monkey (25), man (87) and chicken (88). In the mouse, the MHC is
located on chromosome 17 and composed of three major classes of loci:
Class I loci residing in the K and D regions, Class II loci residing
in the I region and Class ITI loci residing in the S region (89).
Klein and Park have shown that the strongest GvH reaction, as
measured in the splencmegaly assay, is induced by a H-2I region
disparity (90), bisparity at the H~2K and H-2D regions caused only
a borderline effect in this assay. Similar observations have been
done in the PLN assay, by measuring the radioactive IUdR
incorporation in spleen and lymph nodes {(91,92) and in the MLC
(69-71).

Until recently, mapping studies suggested the existence of
several subregions within the H-2I region of the MHC, namely
I-A, 1-B, I-J, I-E and I-C, The functions of each of the subregions
of H-2I have recently been extensively reviewed by Klein et al. {93).
Studies using several GvH assays have shown that the main stimulus
for proliferation is provided by the I-A subregion of the H~2I region

of the MHC (94).
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fluorescence technique, that during a GvH reaction donor cells
acquire host cell-derived H-2K, H-2D and Ia alloantigens on their
cell surface. Mapping studies indicated that next to recipient type
BE~ZK and H~-2D allioantigens, only recipient type I-A subregion
products could be identified on the donor cells. Hest I-E/C and I-J
subregion products were not observed on the donor cells. It has also
been shown by Prud'homme et al. that Lyt-1+2- cells pick up the host
I-A alloantigens, whereas the K/D alloantigens are picked up by
Lyt-1-2+ cells.

Klein (96) demonstrated by using the mortality assay that in a
particular I-C disparate combination (i.e., Bl0.S{7R) versus
B10.5{9R)) the reaction was so strong that almost all the irradiated
Fl1 hybrids that had been injected with the allogeneic bone marrow
cells died within 3 weeks after the inoculation. Such a severe
reaction is usually only observed in combinations differing at the
entire H-2 complex or at least the I-A subregion (97)., Furthermore,
the severity of GvH induced in T-C disparate mouse strain
combinations varied as a function of the interallelic strain
combination and was particularly infliuenced by properties of the
recipient I-~C determinants. Thus, I-C determinants of recipients
bearing the s-~haplotype led to strong GvH reactions, whereas I—Cd
determinants induced moderate GvH reactions, even when donor strains
carrying different I-C alleles were used (98,99). However, in these
studies the used mouse strain combinations were not incompatible for
I-C alone. They therefore represent merely an indication for the
GvH-inducing capacity of the right part of the H-2I subregion, from

which the I~E subregion has proven GvH-inducing capacity (94).
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Reviewing the functional aspects of the H-2 complex, Kiein
recently concluded that, at present, there is no good evidence any
more for the existence of the I-B, I-J and I-C subregions (93).
Furthermore, using the technique of gene transfer, Steinmetz and
colleagues (100) correlated the various histocompatibility loci with
their serologically defined gene products. These authors have shown
that the genetic map of the I region confines the I-B and I-J
subregion to a very small part of the DNA, thus indicating that there
is little space for the genetic information for possible I-B and I-J
subregions.

In summary, the various classes of H~2 coded products behave the
same in the splenomegaly GvH assay, the PLN assay (101) and the MLC
assay. Class I products (i.e., HB-2K and H-2D coded alloantigens)
cause weak or moderate proliferative GvH reactions, whereas Class II
products {(i.e., H~2I coded allcantigens) cause strong lymphoprolife-
rative GvH reactioms. Class III products (i.e., H-28 region coded
products) do not participate at all in GvH reactions.

In contrast, the reaction of donor T cells against the various
H-2 subregion coded antigens is different in assays measuring the
effector phase of GvH reaction. Severe GvH disease with a 100%
cumulative mortality within one month occurs only in donor-recipient
combinations differing for the entire H-2 complex or for H-2K plus
B-2I-A (97). It has been reported that much less severe GvH disease
"with a cumulative mortality of 50% or less and death of individual
mice spread over the entire observation period is observed when the
donoxr and host differ at either the K, I or D region alone. In
these particular experiments with irradiated recipients the degree

of GvHl disease induced by these three regions, when taken singularly,
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was about the same (97).

In non-irradiated recipients, on the other hand, differences at K/D
or I cause completely different syndromes (102). The above results
from Klein and Chiang (97} with the mortality assay are alsec not in
lire with data from the in vitro CML assay. In the latter, K and D
region coded allcoantigens induce substantial CML responses, while I
region coded alloantigens induce only weak CML responses (103-105).

Significant GvH reactions as measured in the splencomegaly assay
and the PLN assay also occur when donor and host differ from each
other by mutations in the H-2K or H-2D region (106).

Such mutations represent substitutions of nucleotides in the DNA
coding for the E-2K or H-2D molecule. These mutations lead to sub-
stitutions of amino acids in the polypeptide chain of the H-2K or
H-2D molecule and thereby to a different steric configuraticn of
this molecule (107). Amino acid substitutions in an H-2K or H-2D
molecule can also lead to a significant MLC response {108). This
suggests that such mutant H-2K and B-2D molecules have a stronger
preoliferation inducing capacity than their normal, non-mutated allo-
genelc counterparts.

In man, the MHC is called the HLA system. This system consists
of Class I antigens, called HLA-A, B and C, Class Il antigens, called
HLA-D/DR, and Class III antigens coding for complement factors. The
HLA of man and the H-2 of mice are homologous to a great extent. The
murine H-ZK, b and L meolecules are homologous with HLA-A, B and C
molecules and the H-2I region is homologous with the ELA-D/DR region.
These structurally homologous gene products direct largely identical
functions (109) in all vertebrate species. Thus, in man, in general,

strongest GvH reactions are chbserved in donor-recipient combinaticns
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including an incompatibility at HLA-D/DR (B86,109).

2. Non-MHC allecantigens

Not only MHC-coded alloantigens give rise to strong
proliferative responses, in the mouse also the products c¢f the Mls
locus can do so (110). This locus is Jocated on chromosome number 1.
Till now five codominant alleles have been described, designated
Mis®, M1s®, M1sC, Mis? and M1s® (110,111). These determinants develop
late in neonatal life (112) and are present on B cells (113},
macrophages (114), bone marrow stem cells (115) and tooth germ (116),
but not on T cells (113).

Mls determinants have a widely differing stimulating capacity
in MLC: Mlsa, Mlsd and Mlse are strongly stimulatory, MlsC is inter-
mediate and Mlsb is not at all stimulatory (110,111). However, these
results were obtained with particular strain combinations and it is
possible that Mls determinants stimulate differently when associated
with different H~2 haplotypes. This view is supported by the obser-
vation of Rychlikova et al. (117) that Mlsb cells responding to
M1s® antigens give a much weaker MLC response when both donor strains
are H~2b than when both strains are H~2k. Other non—-MHC coded histo-
compatibility antigens than those encoded for by the Mls locus do
hardly or not induce a MLC response (118).

Until recently, no cytotoxic effector cells against Mis deter-
wminants could be demonstrated (119). However, using the newly
developed congenic mouse strain BALB.D2.MA, which is a recombinant
strain of BALB/c bearing the M1s® locus from DBA/2, strong anti—Mlsb

cytotoxic T cell activity was detected after preimmunization of the

45



restimulation in vitro.

No cytotoxic activity could be detected in the reverse direction
(i.e., Mls® anti-M1s®) although it is this direction that MLC
reactivity occurs after cocultivation of BALB/c and DBA/2 lymphocytes
(120).

GvH reactions can alsoc be eljcited across Mls differences.

Rodey et al. (80) described that lymphoid cells from the C3H/He
(H~2k, Mlsc) strain caused a cumulative mortalicy of 87% at 100 days
when tested in immuncsuppressed AKR (H—Zk, Mlsa) recipients. This

iz in agreement with the observation that Mls® determinants

induce a strong MLC response. In the PLN assay, too, it has been
demonstrated that Mls incompatibilities can elicit GvH reactions
(55). The lack of correlation between the GvH disease inducing
capacity and the CML inducing capacity of Mls locus coded antigens
suggest that cytotoxic T lymphocytes are not necessarily required for
moertality in H-2 compatible, Mls locus incompatible donor-recipient
combinations.

Our own laboratory (118) has recently shown that in H-2
compatible, Mls incompatible donor-recipient combinations anti-host
directed DTH effector T cells are generated. Other non-H-2
alleoantigens do not ind;ce this activity. The capacity of Mls—locus
antigens to induce distinct anti-host DTH reactivity correlates with
the capacity to induce a one-way MLC response. Mls? and M1s®
determinants initiate both a positive MLC response as well as distinct
GvH-related DTH reactivity. The Mlsb determinant, on the other hand,
which is unable to induce in vitreo preliferation (110) induces only

marginal and short-lasting GvH-related DTH reactivity (118).
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After transplantation of H~2 and Mls matched bone marrow cells
into lethally irradiated mice, delayed GvH reactions may develop,
indicating that GvH reactions can also be induced by minor histocom-—
patibility antigens cother than Mls locus coded antigens (47,48,121).
The same observation was made in dog (122) and man (31). Korngold
and Sprent (47) demonstrated that untreated bone marrow cells from
B10.BR (Hqu, Mlsb) mice caused a high incidence of lethal GvH
disease when transferred to heavily irradiated CBA/J (H—Zk, Mlsd)
recipients. They found 80% mortality at 80 days post transplantation.
By comparing various H-2 compatible donor-recipient combinations they
showed that at least three minor H antigen differences should exist
between donor and host in order to elicit lethal GvH disease. However,
in neonatal mice tested in splenomegaly and mortality assays, minor
H differences cause minimal reactions unless the lymphoid cell donors
are presensitized (46,123).

A remarkable observation in human GvH disease has been reported
by Rappaport et al. (124). These authors describe that patients who
received bone marrow cells from identical twin domors (i.e., HLA
plus non-HLA identical) occasionally developed GvH disease., The same
was demonstrated in other animal species (124a). This indicatesg that,
next to genetic factors, epigenetic factors may alse elicit GvH
disease, For instance, total body irradiation or viral infection may
cause altered recipient self-antigens which are recognized by the

donor lymphocytes,
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3, Hybrid histocompatibility antigens

Fathman and célleagues (125,126} have demonstrated the expressior
of murine MLC stimulating determinants on Fl hybrid stimulator
cells that are absent on cells from either parental strain.
These hybrid molecules result from the interaction ¢f maternal and
paternal H-2T region products on the cell surface, thus creating new
specificities not occurring on the cells from either parent
(127,128). Furthermore, it has been shown by Sandrin et al. (129)
that the I—Ak allele can cause the absence cof several other MHC
products con Fl hybrid cells. The reason for this 'low expression
effect' is not clear.

We have shown in our GvH-related DTH assay that, in the mouse,
FI hybrid lywmphoid cells may respond to histocompatibility antigens
of parental-type irradiated recipients. Thus, (C57BL x CBA)Fl spleen
cells evoke an anti-host DPTH response towards lethally irradiated
(7.5Gy) CBA recipients, albeit of a smaller magnitude than in the
opposite direction. Similar data were obtained in other Fl hybrid to
parent combinations (Table V). This suggests that the Fl hybrid cells
do not express all the determinants of the histocompatibility
antigens that the parental cells do, so that they are able to
respond to these determinants. As the GvH-related DTH assay only
detects reactivity towards H-2I and Mls locus coded antigens (62)
these data suggest that H-2I region coded products are susceptible to

posttranslational modulation.
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TABLE V. Hybrid histccompatibility antigens in GvH reacticn

Spleen cell donor Irr. recipient DTH response
(C57BL x CBA)F1 C57BL 14.4 £ 2.7
{(C57BL x CBA)F1 CBA 16.0 + 2.8
(A.TE % A.TL)F1 A.TL 11.8 * 3.9
(C3H x BALB/c)F1 BALB/c §.2 = 3.1
(C3H x BALB/c)F1 BALB.K 13,4 £ 1.9
C57BL (C57BL x CBA)}F1 30.0 £ 2.5
CBA (C57BL x CBA)F1 25.0 ¢ 1.7

Anti-host DTH reactivity in lethally irradiated parental mice recon-
stituted with 5 x 107 Fl hybrid spleen cells. As a contrel, for 2 parent
to Fl combinations (C57BL—e=(C57BL x CBA)YF] and CBA - (C57BL x CBA)F1)
the anti-host DTH reactivity is also given. In such parent to Fl combi-
nations the anti-host DTH responses are always higher. For details of
the assay system: see Section 1II-4. DTH responses were measured at

24 h after challenge and expressed as the percentage specific increase

of foot thickness = 1 SEM (n=6).
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V. CELLULAR REQUIREMENTS

1. Role of thymus-derived lymphocytes

From the studies of Gowans (8) it has become clear that small
lymphocytes are the cells that induce GvH. He sheowed that GvH
reactivity remained in a suspension of thoracic duct lymphocytes,
which had been depleted of viable large lymphocytes by overnight
incubation at 37°C. After this procedure the only morphologically
identifiable cell type left was the small lymphocyte.

Cantor (130) and Golub {131) showed that treatment of parental
spleen or lymph node cells with anti-Thy-1 serum plus complement
abolished their capacity to induce a GvH reaction in neonatal Fl
hosts, thus demonstrating that GvH reactions are mediated by T
lymphocytes.

It was shown by Yoshida and Osmond (132), using the PLN assay
in rats, that lymphocytes from different anatomical origins displayed
different capacities to induce GvH reactions: bloocd lymphocytes were
the most effective, lymphocytes from mesenteric lymph nodes and
spleen were less effective and bone marrow and thymus cells were the
least effective (see Table VI). Similar data have been presented by
other authors using different assays (133,134).

McGregor demonstrated that the origin of the GvH reactive cellgs
lies in the bone marrow. The bone marrow contains precursor cells

which, during thymic passage, differentiate into GvH inducing T
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cells (135). Umiel demonstrated that fetal liver cells could also

give rise to GvH reactive cells after being subjected to thymic

influence in vive (136,137).

TABLE VI. Relative potential of mouse tissues for repopulation

(hemopoietic stem cells) and for induction of acute GvH disease

(T iymphocytes)

CFU-s/lﬂs nucleated cells

GvH potential

bone marrow
fetal liver
spleen
peripheral blood
lymph nodes

thymus

600

100

60

20-50

20-50

100

From ref. 15.
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Bone marrow cells from aged mice (30 months old) were more
efficient to preduce mortality in irradiated Fl recipients than bone
marrow cells from young mice (138). Spleen cells from aged parental
strain mice, on the other hand, were less capable of producing
splenomegaly in neonatal Fl hybrid recipients (139). These results
are compatible with the decreasing incidence of immunocompetent T
cells in the spleen and the increasing incidence in the bone marrow
of aging mice (140).

Originally, the observation that thymocytes hardly cause
detectable GvH and the fact that the presence of the thymus is
essential for the development of immunclogic competence seemed to
create a paradex.

It was shown in mice (141,142) and rats (143) that thoracic duct
lymphocytes (TDL) and lymphocytes from cther lymphoid organs of neo-
natally thymectomized animals were unable to cause splenomegaly or
runt disease. This capacity could be restored by grafting a thymus
to these donors or by injecting them with thymic extracts {144,145).

Sprent and Basten (146) have shown that thymectomy of neonatal
mice reduces the number of long-lived cells at adult age by 50
percent, while the number of short-iived lymphocytes remains constant
This indicates that the long-lived cells consist mainly of T
lymphocytes and the short-lived cells mainly of B lymphocytes (146).
This suggests that the GvH reactive T cells predominantly are
long~lived cells.

Although the thymus mainly consists of immature, short-lived
cells which reside in the cortex, also a small population of more

mature cells occur. The latter are located in the thymic medulla {147).
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The immature thymocytes, which are incapable of mounting GvH
reactions, and the mature thymocytes which are capable, differ from
each other a.o. in their sensitivity to corticesteroid hormones
(148). The immature thymocytes are corticostercid-sensitive while
the mature thymocytes are resistant. Since the latter population
constitutes 4 to 5 percent of all thymocytes (l49,150), it is not
surprising that, as a whole, thymocytes have only a weak capacity to
mount GvH reactions. The immature corticosteroid-sensitive thymocytes
may acquire OvH reactivity after interaction with macrophages (151}.
The notion that mature recirculating T lymphocytes are the
principle mediators of GvH was reinforced by the cbservation that
donor treatment with anti-thymocyte serum (ATS) resulted in an
zbolition of their spleen and lymph node cells to cause splencmegaly
(152) or anti-host DTH reactivity (6l). Also the cccurrence of
secondary disease in irradiated mice was reduced after engraftment
with allogeneic bone marrow cells from ATS-treated donors. Under such
conditions the weight loss and mortality of the recipients were

delayed (153).

2. Role of preliferation of donor cells

Fox (154) described that after injection of Té~chromosome-marked
CBA spleen cells into Fl mice, the spleen and lymph nodes of the
reciplents containad many mitotically active cells bearing the T6
chromosome marker. This supgests that the murine acute GvH reaction

is associated with donor cell preoliferation.
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That donor cells need tc proliferate in order to induce GvH was first
shown by Meuwissen and Good (155) in the splenomegaly assay by
treatment of denor cells with mitomycin C, a drug which, in
appropriate concentrations, inhibits cell division, but leaves
immunological function intact. Cheever et al. (156) found that
elimination of the specifically activated, proliferating T cells by
3H--TdR suicide in vitro greatly diminished the ability of the
residual celis to induce GvH. Also the full development of specific
anti-host DTH during acute GvH reactions is dependent on
proliferation of the reactive T cells (157). Lafferty et al. (158),
however, showed that in the chericallantoic membrane assay
non-dividing (either mitomycin C-treated or irradiated) donor cells
could cause GvH reactions in recipient embryos, provided they were
brought into contact with embryonic hematopoietie cells of recipient
type origin immediately after treatment. This was dene by mixing both
cell populations in vitro before inoculatien,

Similarly, Scollay et al. (159), using the splenic explant tech-
nique, demonstrated that parental lymphoid cells treated with
mitomycin C at doses which completely prevent subsequent
proliferation, were able to cause enlargement of newborn Fl spleen
fragments. Mereover, these mitomycin C treated parental cells gave
rise to splenomegaly in newborn Fl mice, provided they were mixed
with newborn Fl spleen cells prior to injection. Hence, donor cells
may produce GvH reactions without proliferation, but only under
particular conditions. Maximal GvH reactions, however, require

proliferation of the donor T cells.
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Lymphoid cell proliferation in Iymphoid as well as non~lymphoid
organs does not necessarily correlate with mortality. Spach and Motta
(160) have shown that the rate of 3H--TdR incorporation in spleen,
lymph nodes, liver and kidney increased 1, 3, 9 and 5-fold,
respectively, after inoculation of Bl0.D2 lymphoid cells into the
H-2 plus non-H-2 disparate (B10.BR x DBA/2)Fl mice as well after
injection into non-H-2 disparate (B10Q.D2 x DBA/2)Fl mice. However,
there was a great difference in mortality between both groups of F1
hybrids. The mice subjected to GvH across H-2 plus non-H-2
differences were all dead by day 21 while the mice subjected to GvH

across non-H-2 differences alone survived more than 28 days.

3. Helper T cells

Cantor and Boyse (161-166) have shown that murine T lymphocytes
can be subdivided into subpopulaticns bearing specific membrane anti-
gens, These markers correlate with distinct functional activities.
Three well-defined subpopulations exist: Lyt~l, Lyt-23 and Lyt-123
positive T cells. Lyt=l+ T cells develop helper activity after
stimulation by antigen, enhance the generation of killer cells
and activate macrophages in DTH reactions, whereas Lyt-23+ T cells
express suppressor and/or cytotoxic activity (167). Lyt=-123+ T cells
can amplify helper T cells and suppresser T cells during antibody
production (168). Observations of Scollay et al. (169) and Mathieson
et al. (170} suggest that there are two separate lines of intrathymic
differentiation, one leading to Lyt-1+ cells and the other to

Lyt-123+ cells.
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The latter cells might further differentiate into Lyt-23+ cells after
their migration as Lyt-123+ cells to the periphery (171). Lyt-1+ T
cells belong to the T2 subpopulation of long~lived, recirculating T
cells. A portion of the Lyt-123+ subpepulation can be eliminated by
adult thymectomy and thus corresponds to the Tl subpopulation of
short-lived, sessile T cells. The remainder of the Lyt-123+ T cells
probably belong to the T2 subpopulation of recirculating T cells
(172,173).

Studies by Vallera et al. (174) have shown that Lyt-l+ T cells
are involved in lethal GvH reactions: treatment of BALB/c bone marrow
cells with monoclonal anti-Lyt-1 antibodies plus complement prior to
injection into lethally irradiated C57BL/6 recipients resulted in
more than 80% survival at 100 days. C57BL/6 recipients receiving
untreated BALB/c bone marrow cells, on the other hand, were all
dead by day 35. Furthermore, treatment of bone marrow cells with
anti-Lyt-2 antibcedies did not prevent GvH mortality. However, in
these studies the bone marrow cells were treated only once with
anti-Lyt-2 plus complement (174). Rolink et al. (175) have shown
by repeated treatment of the allogeneic bone marrow cells with anti-
Lyt-2 plus complement, that Lyt-~2+ allosuppresser/killer cells do
contribute to lethal GvH disease. Without elimination of the allo-
reactive Lyt-2+ T cells the recipients developed pancytopenia and
consequently suffered from immunosuppression leading to fatal sepsis.
In H-2 compatible donor-recipient combinations differing at multiple
minor histocompatibility antigens it has been shown that purified
Lyt-1-2+ T cells are potent inducers of lethal GvH disease, whereas

Lyt-1+2- T cells fail to cause GvH disease (176}.
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In the splenomegaly and PLN assays the situation may be
different: Mage et al. (177) have demonstrated that after separation
of Lyt-2 positive and negative cells the GvH reactivity as determined
in the splenomegaly assay resides in the Lyt-2 negative cell
population and not in the Lyt-2 positive fraction. This data is
complemented by the studies of Loveland et al. (84,178,179) about
the Lyt phenotype of T cells involved in graft rejection. These
investigators thymectomized CBA/H adult mice, irradiated them and
injected them with syngeneic bone marrow cells depleted of T cells.
Three to four weeks later they infused these mice with CBA/H
lymphocytes of select Lyt phenotypes immunized against C57BL/6 cells.
When the mice were grafted with C57BL/6 skins, it was found that skin
rejection was completely dependent on the presence of Lyt-1+ cells in
the inoculum and that Lyt-123+ and Lyt-23+ cells had no effect.
Furthermore, administration of momoclonal anti-Lyt-1 antibodies to
the mice resulted in prolongation of skin allograft survival,
abolition of DTH and partial suppression of helper activity (180}.
Skin graft rejection correlated with DTH: mice that were unable to
reject a skin graft produced no significant footpad swelling upon a
challenge injection of cells syngeneic to the skin graft, whereas
mice which had rejected a skin graft were found to exhibit specific
foot swelling of 18-42% (84).

Similarly, in rats it has been demonstrated that the GvH
inducing capacity, when tested in the PLN assay, resides in the
helper T cell fraction and not in the cytotoxic T cell fraction

(181,1823.
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However, in the mortality assay both fractions were effective, be it
that the c¢ytotoxic T cell fraction was less effective than the helper
T cell fraction (see also the next section). It is unclear whether
these data are confused by small contaminations by T cell subsets
that were supposed to be eliminated.

Taken together, these data suggest that alloreactive Lyt-l+
{("helper type') T cells are well able to induce positive reactions in
GvH assays based wpon direct or indirect measurement of the
proliferative activity of, or induced by, donor T cells, but that it
still is an open question whether Lyt-i+ T cells by themselves are

able to cause lethal GvH disease.

4, Cytotoxic T cells

Since the discovery that during MLC cytotoxic T cells are
generated (76}, it has been studied whether these cells are also
involved in GvH reactions. Cerottini et al. (183) described the
generation of cytotoxic cells in the spleens of irradiated DBA/2
and C57BL/6 mice, 4 days after transplantation of 5 x 107 spleen
cells from C57BL/6 and DBA/2 mice, respectively. This cytotoxic
activity could be abrogated by treatment with anti-Thy-l antiserum
plus complement, thus indicating that the cytotoxic cells are T cells.
These cytotoxic T cells were antigen-specific: lysis occurred only
with target cells syngeneic to the recipient strain.

For maximal responses, cytotoxic T lymphocytes need two signals
for their activation: signal one, provided by H-2K and/or H-2D allo-

antigens and/or minor histocompatibility antigens, and signal two,
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given by helper T cells after their stimulation by H-21
alloantigen{s). The H-2I alloantigen(s) activates Lyt-1 positive T
cells which release a soluble product (helper factor) that stimulates
the proliferation and generation of cytolytic activity by Lyt-23+
cells (184-188). This T~T cell collaboration has also been
demonstrated in vivo (189).

Elkins (190) has proposed that CML asgays may predict the
mortality due to GvH reactions. He showed that six mouse strain
combinations differing from each other with regard to H-2 subregions
{involving Class I as well as Class II antigens), were positive in
both the CML assay and the mortality assay for GvH. Furthermore,
eight out of nine CML-negative combinations displayed no GvH
mortality. All these nine combinations were lacking H-2I differences.
In combinations that did not involve H~2I differences, i.e., in
MLC-negative combinations, there is mno helper effect sc¢ that ne
cytotoxic T lymphocytes are generated. This would aceccount for the
absence of GvH disease. In cases without an H-2K or H-2D region
difference, on the other hand, cytotoxic effector cells would neither
be generated effectively nor would they encounter the most suitable
(i.e., H-2K or H-2D) determinant on the target cells. Rouse and
Wagner (191) have obtained similar data in the splenomegaly assay.
They showed that CBA lymphoid cells enriched for cytotoxic T
lymphocytes against BALB/c spleen cells, were inefficient in causing
splenomegaly upon injection into neonatal {CBA x BALB/e) Fl1 hybrid
mice. These results indicate that there is no direct relationship

between cytotoxic activity and splenomegaly. The authors explain the
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inability to produce splenomegaly as follows. During the im wvitro
generation of cytotoxic T cells; the incidence of helper T cells
gradually decreases. Since these cells play a principle role in the
splenomegaly assay, inocula poor in T helper cells would not induce
GvH splenomegaly. Moreover, Schreier and Iscove (192} have shown that
clones of helper T cells release colony-stimulating factors for
granulocytic, macrophage and erythroid precursors, especially when
they are cultured together with specific antigen and accessory cells,
The resultant hematopoietic and granulopoietic activity may cause
spleen enlargement in GvH. Thus, depletion of helper type T cells
causes a decreased GvH reactivity when measured in a lymphoprolifera-
tive GvH assay, This conclusion is supported by the results reported
by Pals et al. (193).

Spleen cells from non-irradjated F1 hybrid mice, in which a GvH

reaction had been induced by lymphoid cells of parental origin, have
been reported to contain donor-derived specific cytotoxic T cells
{194} as well as host-derived natural killer cells (194,195).

Spleen cells recovered from lethally irradiated Fl hybrids undergoing

a GvH reaction due to reconstitution with parental Iymphoid cells
lysed specifically the appropriate parental target cells (196).

Thus, during GvH there is not only sensitization of the donor cells
to the antigens of the recipient, resulting in their ability to lyse
specifically the recipient's cells, but certain host cells may also
be activated so that they attain a state of nonspecific cytotexicity.
Thus, although the specific cytotoxic component of the anti-host
response probably incites the most severe host tissue destruction
(176), nonspecific effects by other donor and host cells might alse

play a role in the pathogenesis of GvH disease.
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5. Synergistic and antagonistic activities of T cell subpopulations

Since the discovery that interaction between B and T lymphocytes
is essential for the optimal induction of most antibody responses,
several types of immune reactivity have been found to depend on
cellular interactiens, e.g., between macrophages and lymphocytes
or between different T cell subpopulations. It has amply been
demonstrated that in murine GvH reactions aiso T~T and T-B inter-
actions occur, which can lead te stimulation as well as inhibition
of the response. Interactions between donor T and donor B cells
hardly or not contribute to GvH reactions, whereas interactions
between donor T cells and recipient B cells play a central role in
the pathogenesis of GvH disease in non-irradiated hosts. Thus,
negative interaction between parental T cellis and Fl hybrid B cells,
leading to allosuppression, causes acute, lethal GvH disease, whereas
positive interaction, generating allohelp, causes lymphopreoliferation
and SLE-like autcantibody formation (83,102,197).

Cantor and Asofsky have described synergism between lymph node
cells and thymus cells in inducing a GvH reaction as measured by
splenomegaly (198). The same holds for mixtures of spleen cells and
thymus cells (198). Furthermore, when mixtures of spleen cells and
thymus cells from l-wk-old BALB/c mice were used, which by themselves
did not display GvH-inducing capacity, a symergistic effect could be
demonstrated (198), Cantor and coworkers (199,200) demonstrated the
need of at least two types of T cells that were necessary for GvEH

reactions: Tl cells and T2 cells,
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Both cell types were of thymic origin (200). The Tl cells,
mainly occurring in spleen and thymus, were resistant to the in vivo
effect of ATS, but sensitive to adult thymectomy. In contrast, the T2
cells were extremely susceptible to ATS in vivo and were found mainly
in the peripheral blood and lymph nodes. Both cell populations act
synergistically if they are allogeneilc to the host (200,201).
Synergism of Tl and T2 cells has been demonstrated in the
splenomegaly assay, in the GvH mortality assay (202), in GvH-related
DTH reactivity (203), and in the in vitro MLC (204,205) and CML
(206,207) assays.

Cantor and coworkers concluded from secondary transfer experi-
ments inveolving H-2 incompatible Tl and T2 cells that, in the spleno=-
megaly assay, Tl cells determine the specificity of the immunoclogic
injury leading to enlarged spleens and that these cells constitute the
precursors of the GvH effector cells. The T2 cells were supposed to
amplify the reactivity of the Tl cells (198,200).

Blomgren and Jacobsson (208}, however, have demonstrated, also
using the splenomegaly assay, that the thymus contains lymphoid cells
which may synergize or antagonize the GvH reactivity mediated by
mouse lymph node cells, indicating that Iymph node T2 type cells
are the effector cells and thymus cells the Tl type amplifier cells.
Several studies have confirmed Blomgren and Jacobsson's conclusion
that the T2 cells are the effector cells and the Tl cells the ampli-

fiers (see ahead).
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Andersson et al. (209) have found that, in MLC, spleen cells
from adult thymectomized donor mice respond as well as spleen cells
from sham~thymectomized mice, at least till 90 days after operation,
thus indicating that these cells, which belong to the T2 class of
Iymphocytes, are not amplifier, but effector cells. Similar data
have been reported by our own laboratory for anti-host DTH reacti-
vity during acute and delayed GvH reactions in mice (61,203). These
data suggest that synergism between Tl and T2 cells is not a
requirement per se, provided a sufficiently high number of T cells
is used for induction of GvH.

The conclusion that T2 cells are the precursors of the effector
cells and that Tl cells provide the amplifier effect is further
corroborated by Wright et al. (210}, These authors demonstrated a
synergistic interaction in the in vitro proliferative response to
alloantigen for mixtures of rat thymus and lymph node cells.
Irradiation was shown to have a differential effect on the response
of the thymus and the lymph node cells in the mixtures. Thus it was
found that irradiated thymus cells retained the capacity for synergy
in the mixtures, whereas irradiated lymph node cells did not.
Furthermore, it was shown that thymus cells can proliferate in
response to alloantigen as well as have the capacity to amplify the
proliferative response of lymph nede cells -~ a capacity which
requires de nove protein synthesis. Lymph node cells were found to
lack the amplifier capacity.

The mechanism underlying this T-T interaction may be inferred

from the data of Feldmann and Erb (211). These authors presented
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evidence that T1-T2 cell synergism in the generation of helper T
cells can occur across a cell-impermeable nucleopore membrane,
indicating that it did not depend on cell contact, but was mediated
by subcellular factors.

Our own laboratory has previously shown that after transplan-
tation of limited numbers of spleen cells into lethally irradiated
hosts, T1-T2 gell cooperation is required for optimal development
of anti-host DTH reactivity (203). Anti-host DTH effector T cells
were found to be the progeny of the pool of recirculating T2 cells,
which are activated by H~2I region coded antigens, The response by
these T2 cells is amplified by Tl cells, which are most likely
activated by H-2K and/or H-2D region coded antigens. Tl cells them-
selves were found to be incapable to display anti-host DTH
reactivity. Synergism between Tl and T2 cells in GvH also occurs
across Mls differences (212). T2 cells respond to the Mls locus
coded antigens and Tl cells amplify this response, Most likely,
these Tl cells recognize other non-H~-2 alloantigens. These data
substantiate the parallel between the functional aspects of the
H-~2T subregion of the MHC and the Mls locus.

Interactions between T lymphocytes in GvH may also occur across
H-2K plus H-Y differences (213). Thus, lymphocytes from female bm-1
mutant mice cause greater mortality in (bm-1 x b)Fl males than in
Fl females. This greater mortality among males is related to
recognition of both H-Y and H—2Kb antigens by the different sets
of donor lymphocytes. However, such a potentiating effect was not

seen in other H-2K disparate combinations.
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Furthermore, this potentiation was only observed within a limited cell
dose range, around 107 lymph node c¢ells and 2 x 107 spleen cells.

This phenomenon of potentiation of the reaction towards a minor
H antigen plus a major H antigen may be a general phenomenon.
Pritchard and Halle-Pannenkeo (214) described a greater severity of
the GvH reaction after grafting C57BL/6 lymphoid cells into
irradiated (C57BL x DBA/2)F1 recipients than into (CS57BL/6 x
BALB/c)F1l recipients. These authors showed that this observation
arose from a potentiating effect of Iymphocytes recognizing H—Zd and
DBA/2 minor H antigens and not from a difference in genetic
resistance to the C57BL/6 grafts exhibited by the Fl's, However, this
synergistic effect depended on the assay used tc detect GvH
reactivity. The phenomenon could only be substantiated in the
mortality assay and not in the splenomegaly assay. Moreover, the
authors did not take into account the Mls differences between both
Fl recipients. The BALB/c strain bears the Mlsb determinant, which is
incapable of inducing proliferation of T lymphocytes, while the DBA/2
strain bears the Mls® determinant which is very potent in eliciting
proliferative responses (110). Furthermore, it has been proved by
Rodey et al. that Mls incompatibilities by themselves already can
cause lethal GvH disease (80). Thus, this synergism may be due to
the Mls® locus of DBA/2 and should be verified by using Mls identical
strains.,

An interesting form of T-T cooperation has been described by

Cohen and Livnat (215-219}.
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When lymphocytes are sensitized to allogeneic fibroblasts in vitro
for 16-18 hr and subsequently injected in the footpad of syngeneic
mice, these sensitized lymphocytes recruit other, circulating
lymphocytes to the draining popliteal lymph node.

Subsequently, these recruited lymphocytes develop into effector T
cells, e.g., cytotoxic cells or GvH-reactive cells. The in vitro
sensitized lymphocytes are called 'initiator T lymphocytgs' (ITL)
and the lymphocytes which are recruited to the lymph node 'recruited
T lymphocytes' (RTL). The ITL are present in the spleen and, to a
smaller extent, in the thymus, but not in the lymph nodes. RTL are
present in spleen and lymph nodes but not in the tgymus. ITL are
sensitive to adult thymectomy and resistant to ATS, thus resembling
Tl cells. RIL are resistant to adult thymectomy and sensitive to ATS,
thus resembling T2 cells., Hence, this conforms with Blomgren and
Jacobsson (208}, but not with Cantor and Asofsky (198).

When a recruitment response in popliteal lyumph nodes is induced
by injecting mouse footpads with syngeneic, sensitized ITL, GvH-
reactive specific RTL are depleted from other lymphoid organs due to
the trapping in the PLN. These lymphocytes reappeared in the other
lymphoid organs after trapping ended in the PLN. Excising the PLN at
the height of the recruitment phase significantly delayed
reappearance of the specific GvH reactive lymphocytes in the other
lymphoid organs.

Not only synergism of lymphocyte subpopulations may occur in

GvH, but also antagonism.
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In 1972 Gershen et al. (220), studying the tregulation of murine
antibody formation, demonstrated the existence of T cells with
suppressor capacity. Some years later, the same authors demonstrated
that these cells can also regulate GvH reactioms (221}. This was
shown by injecting parental thymocytes into irradiated Fl hybrid mice
and by measuring the DNA synthesis in the lymph nodes and spleen.
Suppression of DNA synthesis by parental thymocytes could be
modulated by the concomitant injection of Fl thymocytes. The Fl
thymocytes increased the response when a small number of parental
cells was injected and depressed the response when a large number

of parental cells was injected.

Van Bekkum and Knaan (222,223) described amelioration of GvH
disease in mice by T lymphocytes. They grafted lethally irradiated
Fl mice with parental bone marrow and spleen cells and observed acute
GvH disease with 100% mortality within 12 days. However, when thymo-
cytes of 4-6 days old mice from the same parental strain were added
to the graft, the mortality was reduced and delayed. This
amelioration was mediated by T cells (223).

Halle-Pannenko et al, (224) have shown that mortality
attributable to GvH could be delayed and reduced by treating the
donors with soluble H~2 alloantigens. Both the delay of mertality and
the cumulative mortality were found to depend on the dose of soluble

H-2 alloantigens used to treat the donors.

67



Furthermore, these authors showed that lethal GvE reactions to minor
H antigens could be decreased by simultanecus immunization of the
donors with H-2 and non-H-2 alloantigens (225). This decrease varied
as a function of the H-2 haplotype used for preimmunization. It is
not clear whether suppressor T cells are involved in the delay and
reduction of mortality observed.

Using the GvH-related DTH assay {(see Fig. 1), we have demon-
strated the regulating influence of suppressor T cells in GvH.

The suppressor T cells were induced by iv preimmunization of spleen
or bone marrow cell donors with recipient-type irradiated allogeneic
lymphoid celis, These suppressor T cells were capable of suppressing
the anti-host immune reactivity during acute as well as delayed GvH
reactions (226,227} and were found to have the Lyt-12+ phenotype
(228).

The suppressor T cells regulating the anti-~host DTH reactivity
require proliferation in order to display their suppressive effect.
This can be deduced from the observation that treatment of spleen
calls from suppressed donors with mitomycin € in vitro, which were
subsequently transferred with untre#ted spleen cells from non-
suppressed donors to irradiated allogeneic recipients, resulted in
abolition of the suppression which normally occurs after comwbining
non-suppressed and suppressed spleen cells (Fig. 2},

We have investigated the specificity of these suppressor T cells
at two levels. Firstly, in the activation of suppressor T cells and
secondly with regard to the suppressive effect displayed by the

suppressor T cells once they are activated.
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INOCULUM TREATMENT % SPECIFIC INCREASE FOOT THICKNESS

Non-suppressed cells -
Non-suppressed cells Mitomycine C

Suppressed cells -

Suppressed cells Mitomycine C

Non-suppressed celis +
suppressed cells

I

Non-suppressed cells +
treated suppressed cells Mitomycine C

0 40

o

Fig., 2. Anti-host DTH reactivity in lethally irradiated (CS?B} x CBa)
Fl mice inoculated_with either 1 x 10° non-suppressed, 1 x 10 7
suppressed, 1 x 10 non-sugpressed plus 1 x 10" suppressed, 1 x 10
non—suypressed plus 1 x 10 mitomycin C-treated suppressed, or

1 x 10" mitomyein C-treated non-suppressed DBA/2 spleen cells,
Recipients were tested for DTH reactivity 6 days after irradiation
and reconstitution. DTH responses were measured 40 h after challenge.
Each horizontal bar represent the arithmetic mean * 1 SEM of 6 mice,

The specificity of activation of the suppressor T cells was
investigated by iv preimmunization of the donors with irradiated
allogeneic spleen cells of a particular H-2Z haplotype and subsequent
testing of the GvH-related DTH reactivity in irradiated recipients of
another H~2 haplotype. Thus, BALB/c mice were pretreated with either
irradiated BALB/c¢, BALB.B or BALB.K spleen cells iv and subsequently
used as donors of spleen cells to induce GvH in lethally irradiated
BALB.B and BALB.K recipient mice. We found that spleen cells from
BALB/c mice suppressed to BALB.B or BALB.K do not react against
BALB.B and BALB.K recipients, respectively (Fig. 3, upper part).
However, BALB/¢ mice suppressed to BALB.K do respond to BALB,B,

The same results were obtained in experiments with B10.D2 donor mice

and B10.ScSn and B10.BR recipients (Fig. 3, lower part). Thus, H-2
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RESP. 1.V, PREIMM. IRR.HOST H-2 IDENTITY  CHALLENGE 5 SPECIFIC INCREASE FOOT THICKNESS

BALB /c BALB/c BALB.B - BALD.B m‘

BALB/c  BALB.B HALE.B - BALB.B 4

BALB/c  BALB.K BALE.B - BALE.B T

BALB /¢ AALE,K BALB.K + BALE.K D_.

B10.52 B10.D2 B10.5cSn - B10.5¢5n E::i:}_.

B10.D2 {810.D2x B10.BRIF, B10.5¢5n - B10.5c5n W
|

B1it.D2 (B10.D2xB10.5¢Sn)F,  B10.5¢Sn + B18.5c¢Sn DW.

B10.02 {B10.02xB10,ScSmF, B10.BR - E10.BR [:“:}_4

B10.D02 {818.02xB10.BRIF, Br0.BR * H10.BR D——*

T 20 an
Fig. 3. Specificity of suppressor T cells activated by iv injection
of irradiated spleen cells of different H-2 haplotypes. BALB/c mice
were preimmunized with_either BALBj/c, BALB.B or BALB.K spleen cells.
Four days later 2 x 10" spleen ceils from these pretreated BALB/c
mice were used to reconstitute irradiated BALB.B and BALB.K mice
(upper part). According to the same schedule, B10.D2 mice were iv
injected with either B10.D2, {(B10.D2 x BI0.BR)Fl or (BL0.D2_x
B10.8¢5n)F1 irradiated gpleen cells. Four days later 5 x 10" spleen
cells from these pretreated B10.D2 mice were used to reconstitute
lethally irradiated B10.S5cSn and B10.BR recipients {lower part).
In all groups of mice the anti~host DTH reactivity was determined in
a transfer system 5 days after reconstitution of the recipients. DTH
responses were measured 24 h after challenge (reprinted by kind
permission from ref. 227).

identity is required between the irradiated allogeneic cells used to

induce the suppressor T cells and the irradiated recipients in order

to ensure optimal suppression. Thus, the suppressor T cells are

antigen~specific with regard to their recognition of the alloantigen.
The specificity of the suppressive effect by the activated

suppressor T cells was studied using spleen cells from BALB.B

mice, suppressed to BALB/¢ alloantigens, to reconstitute irradiated

(BALB/c x BALB.K)Fl mice. These recipients have in addition to

the H»Zd alloantigens of BALB/c that induced the suppressor T cells,

"third parcy’ He2 S alloantigens of BALB.K origin. We found that the

. . k .
reaction against these so-called 'bystander' H~2 allecantigens was
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effectively suppressed (Fig. 4).

Similar data were obtained in other strain combinations. Thus, the
antigen-specific suppressor T cells are capable of non-specific
suppression of the anti-host DTH reactivity t¢ third party H-2
alloantigens of the recipients, provided these alloantigens are
presented as bystanders to the alloantigens that had induced the

suppressor T cells (229,230).

RESE.CELLS 1.V PREIMM, HRRHOST CHALLENGE 3 SPECIFIC INCREASE FOOT THICKNESS
BALE.B BALB/c BALBcx . KF, BALB/cx . KF, D"

BALS.8 BALB.B BALB/cx .KF, BALB lcx .KF| [:::]-‘

BALE.B BALB /c BALB /¢ x .KF, BALB.K [k

BALE.B BALB.B BALB/cx K7, BALE.K E::}"

BALB.B BALB/ex.KE, BALS /cx .KF, BALB/cx .KF, .-D

0 20 4o

Fig. 4. Capacity of spleen cells from suppressed donors to suppress
the GvH-related DTH reactivity to bystander H-2 alloantigens. BALB.B
donor mice were preimmunized with either BALB/e, BALB.B ot (BALB/c x
BALB.K)Fl irradiated spleen cells. Four days later 2 x 10  spleen
cells from these suppressed donors were used to reconstitute lethally
irradiated {BALB/c x BALB.K)Fl mice. Five days after irradiation and
reconstitution the anti-host DTH reactivity was determined by
challenging secondary recipients with either (BALB/c z BALB.K)Fl or
BALR.K spleen cells. DTH responses were measured 24 h after

challenge ({reprinted by kind permission from ref., 227).

Shand (231) demonstrated that spleen cells from F1 hybrid mice
subjected to GvH by injection of parental spleen cells could suppress
the in vitro antibody respense of normal Fl spleen cells to chicken
red blood cells and to levan. He demonstrated that this suppression
was mediated by T cells of parental origin. By transfer of GvH cells

to irradiated repocpulated recipients challenged with
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thymus-independent antigen he showed that the suppressor T cells most
likely exert their suppression via an anti-mitotic influence on the
antigen-stimulated B cells. In other studies, Elie and Lapp (232,233}
demonstrated that during GvH also Thy-1 negative suppressor cells
are generated which can suppress the in vitro plaque-forming cell
response to heterologous erythrocytes,

The Lyt phenctype of suppressor T cells arising in mice during
a GvH reaction was determined by Pickel and Hoffimann (234). These
investigators showed that these cells bear the Lyt-12+ phenotype.
Shand (235) reported that suppressor T cells, genevated in his
system, also bear the Lyt-12+ phenotype.

After total iymphoid irradiation (TLI) of adult BALB/c mice,
allogeneic bone marrow cells injected into these animals evoke a

state of tolerance rather than immunity (236).

This state of unresponsiveness to allogeneic bone marrow cells in
TLI-treated mice is related to the presence of T cells that
nonspecifically suppress the MLC im vitro and the GvH disease in vivo
(237). It was shown that two subpopulations of suppressor cells may
exist in TLI-treated mice: a Tt subpopulation that mediates
suppression of antibody responses and a TL™ subpopulation that
mediates suppression of MLC and thus possibly also of GvH. These
suppressor cells could be demonstrated up to 5 months after TLI
(238). The finite duration of the GvH reaction may be ascribed to
such suppressor cells.

In humans, during the first four months after allogeneic bone

marrow transplantation, a state of immunodeficiency occurs. Later on,
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the patients who have recovered from GvH disease regain their immune
reactivity, whereas patients with chronic GvH disease remain immuno-—
logically impaired. Evidence has been presented that the basis for
this immunodeficiency may be a deficiency in scme kind of immuno-
regulatory cell (239-244). Patients with chronic GvH disease possess
circulating cells that suppress lymphocytes from the marrow donor to
proliferate in response to unrelated lymphocytes (245), i.e., the
suppression is nonspecific. This might explain why patients sufferin
from chronic GvH disease are predisposed to infections (246).

In contrast te patients with chronic GvH disease, longterm
stable chimeras without GvH disease lack anti-~host cellular immune
responses (247-249a). Apparently, the donor derived cells in these

chimeras are tolerant to the host antigens (see alsc Section VII}.

g
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VI. MECHANISMS UNDERLYING GVH

The cellular changes in most of the target organs of individuals
subjected to GvH have already been described in Section II.3,
"Pathology of GvH'. Below we will describe and discuss the changes
occurring in the lymphoid organs and the mechanisms underlying GviH.
From these, the thymus has been most extensively investigated.

As the phenomenology and mechanisms of GvlH reactions in irra-
diated and non-irradiated recipients differ in many respects, we will

discuss below both conditions separately.

1. GvH in irradiated recipients

In the thymus of murine parent to Fl hybrid radiation chimeras,
the number of cells increases approximately 10-fold between 7 and 14
days after reconstitution with bone marrow cells (250). At leastc 507
of the thymocytes on day 14 are of host origin. These cells can
respond to virus presented in the context of both parental H-2
haplotypes when primed in irradiated, virus infected Fl hybrid
recipients. The responder potential of day 14 thymocytes was retained
after radiation doses as high as 1200 rads. The host compenent was no
longer detectable by day 28. Similar data have been presented by
Ceredig and MacDonald (251) for the AKR—®CBA combination. After
allogeneic bone marrow transplantation inte lethally irradiated
recipients the donor-derived CTL-precursor content of the thymus is
initially very low but starts tec increase between 10 and 20 days

after bone marrow transplantation. {251).
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The ratio between donor and host derived CTL precursors further
increases with time. Thymocytes and peripheral lymphoid cells of
denor origin can be activated by virus-infected cells 3 to 5 weeks
after irradiation and reconstitution (251).

Ono& et al. (252) described sequential changes of thymocyte
surface antigens in lethally irradiated mice reconstituted with
syngeneic or allogeneic bone marrow cells.

They found an increased expression of H-2 and Lyt-l surface antigens
on thymocytes after allogeneic bone marrow transplantation and a
decreased expression of Thy-1 and Lyt-2 surface antigens as compared
to syngeneically reconstituted mice. Similar findings have been
reported by Mathieson et al. {(170)}.

It may be that these differences in expression are caused by changes
in the adrenccorticoid hormone levels which are increased due to the
stress caused by the GvH disease. Onoé et al. (252) did not
correlate these changes in surface antigen-expression to the
functional capabilities of the cells, i.e., it is not clear whether
cells with increased Lyt-1 expression have a higher or lower
helper—like activity, etc. Whether these changes also occur in the
peripheral lympheid organs is unknown as yet.

Rruisbeek et al. {(253) demonstrated that chimeric thymccytes
were entirely of donor origin approximately 4 weeks after irradiation
and reconstituticn. By that time, however, the thymocytes are unable
of autonomously generating CTL responses to alloantigens and

trinitrophenylated syngeneic spleen cells.
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However, they de so at this time point in the presence of
interleukin~2 (253). Hardt et al. {254) reported that during acute
GvH disease Lyt-23+ cells produce interleukin-2 (IL-2} inhibitor.
This IL-2 inhibitor has been claimed to counteract the activity of
the IL-2 derived from the Lyt-1+ helper T cells and thereby inhibit
the activity of other T cells that require IL-2 for their
proliferation, e.g., cytotoxic T cells. This may explain the
deficient anti-viral cytotoxic responses during acute GvH
disease(23,31), which in turn may enhance the chance of fatal
infections.

With regard te the kinetics of the anti-recipient cytotoxic T
cell response in the spleen of mice subjected to GvE disease induced
by bone marrow transplantation across minor histocompatibility
antigens, the existence of two subpopulations of cytotoxic T cells
was revealed, namely cytotoxic T lymphocytes and their precursors.
The effector CTL were present in recipient spleens 2 and 3 weeks
after transplantation but they disappeared from the spleen before
the onset of clinical disease. CTL precursors were present in the
spleen starting 2 weeks after transplantation and could be detected

during clinical disease as well (255).

Acute GvH reactions are unanimously attributed to allereactive

T cells in the denor inoculum, With regard to the mechanism under-
lying delayed GvH reactions there is no general agreement. Several
theories have been presented to explain the occurrence of delayed

GvH reactions.
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There are two lines of thoughts: either immunocompetent T lymphocytes
which contaminate the bone marrow inoculum are responsible for
delayed GvH reactions, just as for acute GvH, or the T cells which
are newly formed under influence of the recipient's thymus are
responsible for causing delayed GvH reactions,

The first notion is supported by the observation of many
investigators that after velocity sedimentation or density separation
of bone marrow cells, the lymphocyte-rich fractions (256) and the
fractions with the greatest in vitro proliferative responsiveness to
allogeneic cells (257) cause the severest GvlH reactions. Furthermore,
L3wenberg et al. (17) demonstrated the absence of acute GvH disease
and a delay in the appearance of secondary GvH disease after trans-
plantation of allogeneic fetal liver cells, which do not include
morphologically and functionally distinguishable T lymphocytes.
Korngold and Sprent (47) demonstrated that chronic GvH disease
elicited in irradiated mice by allogeneic bone marrow transplantation
across non—-MHC antigenic differences could be prevented by thorough
treatment of the bone marroew inoculum with anti~Thy-~1 antiserum
plus complement, thus indicating that mature T cells residing in
the bone marrow inoculum are responsible for eliciting this
syndrome.

Similar results were obtained by Muto et al. (258) and Norin and
Emescn (259) for allogeneic bone marrow transplantation across MHAC
barriers.

There are other investigators who have presented data which can

be taken as evidence that delayed GvE disease may be due to the lym-
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phoid progeny of donor stem cells that have matured in the host's
thymus.

For instance, thymectomy of the host before allogeneic (260) or
¥enogeneic (261) bone marrow transplantation can delay the morta-
lity due to GvH disease.
Wolters et al. (61) observed a delay in the onset of GvH-telated
anti-host DTH reactivity after thymectomy of the hosts. Also the
studies of Lydyard and Ivanyi (262) suggest that newly-formed T
cells may conttribute to the development of GvH disease. Chen et al.
(138) have shown that marrow from thymectomized donors @nfused into
thymectomized allogeneic hosts exhibited a markedly reduced capacity
and rate of killing, as compared to non-thymectomized recipients of
bone marrow cells from thymectomized donors. Moreover, Rabinowich et
al. {263) showed that fetal liver chimeras, made by lethally
irradiating thymectomized Fl mice and subsequent reconstitution with
parental fetal liver cells possessed no T cell function. Ne GvH
disease was reported in such animals.
These studies, however, do not prove that newly-formed T cells by
themselves can cause GvH disease. Instead, the available data suggest
that the anti-host reactivity during GvH disease jis due to mature
T cells in the graft, while T cells which have matured from pre-thymic
donor T cells under influence of the recipient's thymus may somehow
enhance or accelerate this reactivity.

Kindred (264-266) and Koerngold and Sprent {267,268) demonstrated
that in lethal delayed GvH reactions the donor T cells attack the

host in a H-2 restricted manner. In the system used by Kindred, T

78



cell donors are established radiation chimeras (made by irradiatiom
and reconstitution with syngeneic or allogeneic fetal liver cells).
Irradiated recipient mice die after reconstitution with T cells from
such donors 1f they share a restriction element with the donor T
cells and also have one or more histocompatibility antigens which are
recognized as foreign by the donor T cells.
It was found that H-2D and H-2K molecules, but not H-2I-A4 molecules
can act as restriction elements. H~2K, H~21-A and minor H could all
serve as target histocompatibility antigen for the alloreactive T
cells, Moreover, when lethally irradiated mice were reconstituted
with T cells from normal A, A.SW and CBA donors, H=2 restricted
mortality of these recipients could be demonstrated. In contrast, T
cells from nermal C57BL/6 donors caused only unrestrieted killing of
lethally irradiated recipients (265). The simplest explanation for
these data is that normal mice possess two different populations of
T cells, each being capable of causing lethal GvH disease. COne is
responsible for H-2 restricted GvH-reactivity and the other for
unrestricted GvH. Dependent on the proportions of these two
populations the aforementioned different killing patterns can be
observed. It is suggested by Kindred that during the regeneration of
radiation chimeras, the balance is in favor of the T cells that
recognize the target antigens in a H-2 restricted manner.

In their elegant studies on lethal GvH disease after bone marrow
transplantation across minor histocompatibility barriers, Korngold
and Sprent (267,268), too, observed MHC-restricted killing. They used

a system in which the donor T cells were exposed to minor H antigens
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during blood to lymph recirculation through irradiated allogeneic
mice, After collection of the thoracic duct lymphocytes these cells
were transferred into irradiated secondary recipients and tested for
their ability to cause mortality of these hosts. The investigators
demonstrated that T cells producing chronic GvH disease te minor H
antigens consist of separate subgroups of H-2K and E-2D restricted

cells.

They found nc evidence that H-2I restricted T cells contributed to
GvE disease either as effector or as helper T cells: pretreatment of
T cells with anti-Lyt-2 antibody plus complement, thus leaving the
Lyt=~1i+ cells intact, failed to cause lethal GvH disease. 1If
I-restricted T cells were needed to provide helper function for the
H-2K/D restricted T cells, elimination of Lyt-Il+ cells would be
expected to abolish Gvli,
This proved not to be the case: the surviving cells show little
reduction in their potency. Hence, in terms of H-2 restriction and
Lyt phenotype, GvH disease—inducing T cells are undistinguishable
from minor H antigen-specific T killer/T suppressor cells. Both
pepulations recognize the minor H antigens in the context of H-2K/D
{(but not H-2I) molecules and both express the Lyt-1-2+ phenotype.
Moreover, it has been shown by Widmer and Bach (269) that there
exist helper-independent cytotoxic T cells. This may explain why
GvH disease inducing T cells are capable of functioning independent
of helper T celis,

Since minor H antigens are present on virtually all cell types

it is to be expected that any ceall type can present minor H
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antigens to the alloreactive T celis in vivo and thereby can elicit
the GvH reaction. It has been shown, however, that in non-H~2 incom-
patible donor-recipient combinations the T cells ignored minor H

antigens expressed on radioresistant non-hematopoietic stromal cells

of the host (268). Thus, the minor H antigens have to be presented by

marrow-derived cells and in order to induce T cell selection, marrow-

derived cells have to share particular H-2 determinants with the T
cells. However, in the effector phase non-marrow derived cells are

the main targets for attack (see Section II.3).

In this instance it is noteworthy to mention the data of Mowat
et al, concerning the intestinal phase of GvH: infiltration of the
mucosa by intra-epithelisl lymphocytes required Lyt—1+2- T cells:
the development of full crypt hyperplasia required Lyt-142- as well
as Lyt-1+42+ T cells, although Lyt-142- cells alone also display some
activity. Lyt-1~2+ cells were found to be ineffective. These
results were obtained by reconstitution of neonatal Fl mice with
parental spleen cells depleted of particular Lyt subsets by mono-
clonal antibedies plus complement (270,271; Mowat, A.McIl., Borland,
A. and Parott, D,M.V., unpublished).

The acute form of GvH disease seen in MHC~incompatible combina-
tions, and the chronic type of GvH seen in MHC~compatible, mon-~MHC
incompatible combinations,‘(see Section II.3) have distinct
histopathological features. Hence it might be possible that the
pathogenetic events underlying anti-MHC and anti-non-MHC GvH are
different. An alternative possibility is that the differences

observed were caused by the intensity of the T cell response. Thus,
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the incidence of acute and chronic GvH disease may vary depending omn
the number and function of donor lymphoeytes grafted, This concept is
supported by the data of Hamilton and Parkman (272}. They showed that
high doses of lymphocytes injected into MHC-compatible, non-MHC-
incompatible lethally irradiated mice favored the development of
acute type GvH disease, whereas low numbers favored the development
of the chronic type (272). Similarly, Reorngold and Sprent (176)
described that injections of small numbers of T lymphocytes across

H-2 barriers can cause chronic GvH disease.

A possible explanation for this is that small doses of donor T cells
provide an amount of allohelp that is too small to indﬁce the
alloreactive T suppressor/T killer cells within the T cell circuit
(273).

The concept that GvH disease in MHC-incompatible and non-MHC-
incompatible combinations are pathogenetically different seems tc be
supported by the finding of Vallera et al. (174) and Korngold and
Sprent (176) in mice that GvH disease to H~2 differences is elicited
by Lyt-1+2- T cells, whereas Lyt-1-24 cells elicit only weak
reactions (174,176) or no reaction at ail (175). Comparable data were
found in rats (274), Furthermore, T cells that cause severe mortality
in MHC-compatible, non-MHC-incompatible chimeras, do not cause

mertality in MHC-incompatible, non-MHC-compatible chimeras (176).

2. GvH in non-irradiated recipients

After parental spleen cell transplantation into nen-irradiated

Fl hybrid mice two forms of GvH disease can occur: acute and chronic.

82



(83,275). The acute form is characterized by pancytopenia and is
caused by allosuppressor/killer T cells bearimg the Lyt—1+2+
phenotype (175,273). The chronic GvH disease in non-irradiated alle-
geneic mice is characterized by stimulatory pathological phenomena
which include B cell hyperreactivity and the formation of autoanti~
bodies (see Section IX). However, despite these stimulatory
phenomena, animals and patients with chronic GvH disease are still
partially immunodeficient {243-246). Helper T cells bearing the

Lyt~1+2- phenotype play a dominant role in chronic GvH disease (175).

Thus, the cellular requirements for different forms of GvH disease
are as follows: parental lymphoid cells enriched for allohelper T
cells favors chronic GvH disease in non-irradiated Fl recipients,
regardless of the P—F1 combination tested, whereas inocula enriched
for allosuppressor/killer T cells induce the more severe acute

form of the disease with concomitant hypoplasia of the immune
system. The genetic requirements for these types of GvH were

as follows: Class II (I-A/I-E) alloantigenic differences between
donor and host cause activation of the alloreactive donor helper T
cells. Class I (K/D) alloantigens differences, on the other hand,
stimulate alloreactive donor suppressor/killer T cells (102}.
However, the allosuppression induced across Class I alloantigens
only is relatively weak, whereas strong allosuppression can be
detected in those donor-recipient combinations which differ in both
Class I and Class II alloantigens (102). It is noteworthy, that in
the latter combinations the allosuppression is preceded by a brief

phase of allohelp {(276,277). It has been postulated that Class IIL
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reactive Lyt—3i+2- donor helper T cells activate Class I-reactive
allosuppressor/killer effector T cells (276,277). Initially, these
allosuppressor/killer T cells seem to bear the Lyt-l+2+ phenotype
and later during the GvH reaction they are Lyt—1x2+ (273,278,279).
The latter may act via the rvelease of anti-mitotic factors or
interleukin~2 inhibitors that hamper proliferation of e.g., the
lymphohemopoietic tissue and of interleukin-2 dependent T cells
(254). This causes a general pancytopenia and a state of immuno-

deficiency leading to sepsis and death.

In humans suffering from GvH disease it has been demonstrated
that B and T lymphocytes do not interact properly (Z80). Furthermore,
an increased incidence of Immature lymphocytes (281l) and of cells
bearing the suppressor cell phenotype has been found (282). This may
cause the profound state of immunodeficiency seen after bone
marrow transplantation in man.

The resolution of acute or chronic GvH disease may be due to the
appearance of specific suppressor T cells (248), which maintain a
state of unresponsiveness of immune reactivities directed to host
antigens. Alternatively, the alloreactive donor T cells may simply
disappear or die out. During the state of chimerism, full immuno-
competence may be attained, at least for thymus-independent responses
(31). Damaging effects of cytotoxic T cells may be profound provided
the appropriate antigenic differences and the stimulating signals
delivered by helper T cells are present (see Section V-4).

Tc reconcile the aforementioned phenomena it should be borne in
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mind that GvH disease presents a spectrum of abrormalities in which
it is well possible that all lymphoid cell types are simultaneocusly
involved (273,277,283). Furthermore, the different mechanisms under-
lying GvH reactions in irradiated and non-irradiated recipients
indicate that host lymphohemopoietic cells influence the activity

of the infused denor T cells.
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VIiIl. MECHANISMS UNDERLYING THE RESOLUTION OF GvH

After resolution of chronic GvH disease, stable chimeras are
established. The principal theories to account for stable chimerism
are the deletion of donor cells capable of reactivity against
recipient histocompatibility antigens (clomal deletion theory) (284)
and the induction of specific and nonspecific suppressor cells
{suppressor T lymphocytes and perhaps macrophages) that regulate
the reactivity of the hostreactive donor type lymphocytes (suppressor
cell theory) (285). Thus, the suppressor T cells involved in the
resolution of GvH, have other target cells than the donor-type
suppressor T cells that cause lethal GvH disease (83).

Several studies have been performed to discriminate between
these two alternatives and the results show that the suppressor cell
theery might well be right, at least in several models, Weiden et al.
(286) made stable canine radiation chimeras by total body irradiation
{1200 rad) and subsequent infusion ¢f bone marrow cells from
littermate donors matched for the MHC. Attempts were made to perturb
the stable chimeric state by infusion of large numbers of donor
peripheral bloced lymphocytes at 7 to 30 menths post transplantation.
However, none of the nine chimeras studied developed significant
clinical or histological evidence of GvH disease. If clonal deletion
of hostreactive lymphocytes would have taken place, infusion of donor
lymphocytes should have resulted in a perturbation of stable
graft-host tolerance and induction of fatal GvH disease should have

occurred.
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Since cytotoxicity of donor lymphocytes for fibroblasts of the
chimera could not be detected, neither before nor after Iymphocyte
infusion ané the presence of blocking serum factors was ruled out,
the authors raised the possibility that a suppressor cell population
might be responsible for the stable state of chimerism (286).
However, these data can be equally well explained by supposing that
during the chronic GvH disease the expressicn of alloantigenic
determinants by the lymphohemopoietic host cells gradually decreased,
so that, finally, the original allogeneic stimulus was lacking.
Atkinson et al. (287) described that cells from their long-term
gstable canine radiation chimeras reconstituted with bone marrow cells
from MHC-incompatible littermates showed markedly diminished but
still detectable reactivity to host lymphocytes in vitro, thus
excluding permanent clonal deletion. Tutschka et al., (288-2%0) were
able to identify suppressor T cells in stable rat radiation chimeras.
These suppressor T cells specifically irhibited donor to host MLC
and adoptively transferred suppression of GvH disease to secondary
hosts, In stable murine irradiation chimeras, con the other hand,
so far no specific suppresscr cells could be demonstrated in vitro
(291,292). In the studies of Tutschka et al. (288-290) with rat
chimeras, nylon-wool fractionation of the chimeric spleen cells
restored the response of the chimeric iymphocytes teo host
alloantigens, indicating that the state of tolerance must be
attributed to the activity of nylon wool-adherent suppressor T cells.
These authors alsc demonstrated that infusion of stable radiation
chimeras with bone marrow cells or spleen cells from normal donors

did not break the tolerance.
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Tutschka et al. (289) demonstrated that in stable rat radiation
chimeras, two vears after grafting, suppresscr T cells could mo
longer be identified by in vitro methods, but could still be
demonstrated by adoptive transfer in vivo. After injection of
irradiated host~type spleen cells into these chimeras, the suppressor
cells could be demonstrated again in vitro. Thus, these suppressor
cells undergo a gradual clonal reduction. This reduction can be
enhanced by transferring lymphoid spleen or bone marrow cells from
stable chimeras into irradiated recipients of the original donor
strain, i.e., the suppressor cells are more or less 'parked' in a
target—antigen-free environment. After 'parking' for 120 days in
these secondary recipients, the suppressor cells are no longer
capable of adoptive transfer of suppression of GvH disease. However,
whenn chimeric cells in these secondary recipients are stimulated with
original hosttype antigens, clonal expansion of the suppressor cells
occurs.

The c¢lonal deletion theory, on the other hand, is supperted by
the studies of Sprent et al. (284,293). They prepared semi-allogeneic
radiation chimeras by lethally irradiating mice and reconstituting
them with anti-Thy-1 treated semi-allogeneic bone marrow cells. After
six months, thoracic duct lympheoeytes from these chimeric mice were
assessed for anti-~host reactivity in MLC and CML. It was found that
the lymphocytes were responsive to host-type determinants in MLC,
but not in CML. These findings were explained as follows: stimuli
for the MLC are controlled by the I region of the H-2 complex (i.e.,
Class II alloantigens ) and are expressed predominantly by

lymphohemopoietic cells.
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Lymphocytes of radiation chimeras entirely repopulated with
donor-type cells do not encounter these determinants. This lack of
MLC determinants would fail to cause elimination of cells reactive to
these determinants, thus donor~derived lymphocytes would still
possess the potential to respond to host type MLC determinants. Eost
type CML determinants (i.e., Class I alloantigens), on the other
hand, not being confined to lymphoid cells but present on virtually
all somatic cells, would still exist in the chimeras and therefore

be available to confront the CML reactive cells continuously, thereby
causing a deletion of host-reactive lymphocytes, presumably by
exhaustive proliferation. The presence of suppressor cells was ruled
out in these studies since addition ¢f chimera lymphocytes to normal
donor-type lymphocytes did neot prevent the latter from
differentiating into cytotoxic lymphocytes. This could be confirmed
by Pals et al. (193) for two other types of chimeras.

Using tetraparental hone marrow chimeras (TBMC) prepared by
lethally irradiating Fl mice and subsegquently reconstituting them
with anti-Thy-1 treated bone marrow cells from each parental strain,
it was demonstrated that thymus cells, spleen cells and thoracic duct
lymphocytes failed to cause lysis of blast cells carrying host type
CML determinants. These cell types were also unresponsive to host
type MLC determinants (284). This might be explained by the fact that
host type MLC determinants were presented to each of the populations
of differentiating T cells by the lymphohemopoietic cells of the
opposite parental strain, thus resulting in a clonal deletion of the
specific MLC reactive cells from either parental strain due to

exhaustive proliferation of the responding cells.
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In these TBMC, also mo evidence of suppressor cells was found as
chimeric lymph node cells cultured in vitre with normal parental
cells did not prevent the proliferative response of the latter; the
same was found in the {ML. Moreover, it was found that the tolerant
state was not abrogated when chimeric lymphoid cells were maintained
for two weeks in an environment lacking host type CML determinants.
In case the tolerance had been maintained by suppressor cells, the
tolerance should have been abrogated almost immediately after removal
of the suppressor cells {294},

The clenal deletion theory and the suppressor cell theory are
not mutually exclusive: Green er al. (295) showed that in mice
activated suppressor T cells bearing the Lyt-2+ phenotype are capable
of abrogating the functional activity of two T cell subsets, namely
the specific helper T cells for antibody formation and the specific T
cells that had induced the Lyt-2+ suppressor T cells. This clonal
deletion could even be demonstrated after that the suppressor T cells
had been removed.

Hence, immunological tolerance in stable chimeras due to clonal
deletion and to T cell suppression might rest on the same mechanism,

In summary, the immune reactivity of stable radiation chimeras
depends on the cellular and genetic background of the cells used
for reconstitution as well as upon the type of immune reactivity
evaluated. In general, after bone marrow transplantation across MHC
barriers, the recipients may not become fully immunocompetent after
resolution of GvH disease, especially with regard to MHC-restricted
T cell dependent antibody respenses and cytotoxic responses against

virus-infected cells.
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Witherspoon et al. (244) described in a study on immune functions of
humans reconstituted with HLA-matched bone marow cells, that all
patients tested displayed a very low level of antibody production at
180 days after transplantatien. Later on, patients without chronic
GvH disease showed antibody responses indistinguishable from those of
normal controls. However, patients with chronic GvH disease still

displayed impaired antibedy responses te all antigens tested.
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VIIX. T CELL REPERTOIRE OF RADIATION CHIMERAS

Stable radiation chimeras are valuable tools to study the immune
reactivity of T cells that have differentiated in an allogeneic
thymus. The generation of mature T lymphocytes occcurs for a large
part in the thymus., Antigens encoded for by the MHC and expressed on
thymic reticulum cells are often thought to determine the restricticn
specificity of the maturing T cells, i.e., murine T cells reactive to
conventional antigens ('X') respond much better to X-plus—self-H-2
than they do to X-plus-nomnself-H-2, In the case of viral antigens,
the self antigens involved are being coded for by the H-2K or H-2D
regions (296). When parental strain recipient mice (&) are irra-
diated and reconstituted with hemopcietic cells from (4 x B)Fl mice
and subsequently immunized with minor H antigens (297) or vaccinia
virus (298), activation of cytotoxic T cells occurs preferentially
when the antigen is presented in association with A-derived MHC-
coded antigens and not in association with B-derived MHC-coded
antigens. Thus, the H-2 type of the host determines the H-2 restric-—
tion specificity of cytotoxic T cells. In contrast, chimeras
made by reconstituting irradiated A mice with adult spleen cells of
(A x B)FL origin, generate virus-specific cytotoxicity to infected A
and B targets, indicating that mature T cells do not change their
restriction specificity (298) and effectively cooperate with macro-
phages from the infused spleen cell inoculum.

Using H~2bml mutant mice, which carry mutations in the H-2K
region, it could be demonstrated that there exists also a restriction

1

specificity for host type H-2 determinants: (H—2bm X H-Zb)Flma-H-2b
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bone marrow chimeras immunized with vaccinia virus lyse infected

1 x H—Zb)Fl—- H-mel chimeras

H—ZKb target cells, whereas (H—me
cannct generate cytotoxic activity towards infected H«ZKb targets
(299). Thus, the receptor for self-H-2K is exquisitely specific since
the bml mutations cause only minor changes in the primary and
tertiary structure of the H-—2Kb molecule (107). Furthermore, it was
shown that it is the thymus which determines the spectrum of receptor
specificities of differentiating T cells for self-H-2: adult
thymectomized, irradiated and (A x B}F1 bone marrow reconstituted

(A x B)Fl mice, transplanted with an irradiated thymus of A origin,
generate virug-specific cytotoxic T cells specific for infected A
target cells but not for infected B target cells (300).

T lymphocytes from A—e=(A x B)Fl longterm chimeric mice can
generate and display cytotoxic T cell activity to infected A cells
but not to infected B cells. However, when these chimeric lymphocytes
are sensitized in irradiated and acutely infected (4 x B)Fi
recipients, they respond to both infected A and infected B targets
(300). This phenomenon can be explained as fellows: in these
irradiated and acutely infected recipient mice, all host
lymphohemopoietic cells are still present, in contrast to longterm
radiation chimeras in which the great part of the original
lymphohemopoietic system has been replaced by cells descending from
the transplanted hemopoietic stem cells. Thus, altheough the thymus
determines the range of H-2 antigens that can be recognized as 'self’
by the newly-fermed T cells, it is mainly the H-2 of the
lymphohemopoietic system and not of other somatic cells that
determines the actual, phenotypically expressed and measurable
specificity for self-H-2,
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So, if T cells of any H-2 type learn to recognize H~2 from strain A
as self, they cannot express any immune reactivity unless the same A
molecules are expressed on the antigenpresenting cells (300). This
can also explain why long-term A—#B chimeras, completely
reconstituted by donor cells, are severely T cell immunoincompetent
(301). These animals do not eliminate virus during an acute virus
infection, do not develop DTH after challenge with viral antigens,

do not generate measurable numbers of virus-specific cytotoxic T
cells and have low titers of antiviral antibodies. Furthermore,
lymphocytes from these allogeneic chimeras fail to generate
significant alloreactivity in vitro (301). Maestroni eé al, (302), on
the other hand, described that in stable, long-term A—gB chimeras,
made by injecting so-called 'marrow regulating factors' before
irradiation and bone marrow recomstitution of allogeneic mice (303),
alloreactivity as measured by skin graft rejection and MLC reactivity
was within the normal range. However, the MHC-restricted
T-cell-dependent primary response to sheep erythrocytes and viruses
was clearly deficient. Similar data have been reported by Onoé et al.
(304) and Krown et al. {(305). The quantitative difference in
immunocompetence when compared with syngeneically reconstituted
recipients was at least in the order of ten-to-thirty fold (301). The
reasons for the apparent discrepancy between alloreactivity in vive
and in vitro and MHC-restricted T cell responsiveness are unclear,
However, Kruisbeek et al. showed that T cells that mediate cytotoxic
responses to trinitrophenylmodified self determinants do acquire
functional competence in allogeneic A-B radiation bone marrow

chimeras and are restricted to the host haplotype (306).
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Also, helper T cells of donor bone marrow origin from fully
allogeneic bone marrow chimeras acquire functional competence and do
recognize and respond to antigen presented by accessory cells that
express thymic type H-2 determinants (307), thus stressing the role
of the lymphchemopoietic cells in determining the actual MHC
restriction.

Surprisingly, skin reactions of longterm A~#B chimeras after
sensitization with 2,4-dinitro-l-fluorobenzene {DNFB) were not diffe-
rent from those of normal mice (304). In fact, these reactions should
have been absent because identity at the MHC has been shown to be
necessary for transfer of DTH to DNFB (308,309). The explanation might
be that host-derived Langerhans cells, which play an important role
in the development cf skin reactions in contact sensitivity (310,311),
were still present and therefore could interact with host MHC-
restricted donor-type T lymphoid cells.

Katz et al. (312} have demonstrated that T cells generated in
lethally irradiated Fl mice reconstituted with anti-Thy-1 treated
parental strain bone marrow cells did not collaborate with B cells
from the opposite parental strain. These data could not be
corroborated by Sprent and Von Boehmer (313). They irradiated FIl
hybrid mice sublethally and reconstituted them alsc with
anti~-Thy-l-treated bone marrcw cells from one parental strain. These
mice were found to have two discrete subpopulations of H-2 restricted
helper T cells, one restricted by the H-2 determinants of the bone
marrovw donor strain and the other restricted by H-2Z determinants of
the opposite parental strain, probably because the lymphohemopoietic
system of these chimeric mice consists of domer strain cells as well
as host cells.
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The combined action of two subgroups of H-2 restricted T cells,
each able to interact with B cells of only one parental strain, may
explain the apparent unrestricted T helper function of parent to Fl
chimeric T cells, as found by Von Boehmer and Sprent (313). The
essential difference between the mice used by Katz et al, (312) and
the parent to sublethally irradiated Fl chimeras used by Sprent and
Von Boehmer (313) is that the antigen-presenting cells in the mice of
Katz et al. were probably all of donor origin. Hence, direct
immunization of these repopulated mice might stimulate only cne of
the two subgroups of T cells, namely the subgroup which recognizes
the MHC antigens of the antigen-presenting cells as self.
Consequently both cell populations would be stimulated by antigen in
the presence of heterozygous macrophages, Indeed, this has proven to
be the case. Waldmann et al. (314) demonstrated that T cells from
A= (A x B)FL chimeras primed under these conditions provide a good
helper effect to B cells of the opposite parental strain.

MHC restriction specificity is not necessarily determined by
thymie reticulum cells, Zinkernagel et al, (315) showed that nude
mice grafted with an allogeneic fetal thymus were restricted
exclusively for the nude H-2, thus indicating that precursors of T
cells in nude mice have already acquired restriction specificity
independently of a functioning thymus. Furthermore, several groups
have shown that T cells of chimeras can respond in an unrestricted
fashion (316-318).

Thus, the host thymus does not absolutely determine the MHC
restriction specificity, although it is plausible that it is the most

efficient and common pathway (319).
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IX. GRAFT-VERSUS-HOST REACTIONS AND AUTOIMMUNITY

_ Buring the course of Gvl disease induced by transplantation of
parental lymphoid cells into nom-irradiated Fl recipients, inhibitory
as well as stimulatory pathological phenomena have been described
(83,102,175). The inhibitory phencmena such as pancytopenia, aplastic
anemia and hypogammaglobulinemia seem to be caused by alloreactive
suppressor/killer T cells {see Sections IT, V and VI} and is due to
a negative allogeneic effect (197). The stimulatery phenomena, on
the other hand, cause lymphoid hyperplasia, hypergammaglobulinemia
and formation of autoantibodies and seem to be the result of allo-
reactive helper T cells triggering F1 B cells, which are normally
switched off (320-323), to autcantibody formation {see Sections 1T,
V, VI). This is due to a positive allogeneic effect and has
otiginally been described by Katz et al, (324) to cccur after
injection of allogeneic lymphocytes into guinea pigs and has
subsequently been demonstrated in mice and rats as well (325-330).

A variety of autoantibodies directed against different organs
and tissues have been described. Gleichmann and Gleichmann (331) have
demonstrated that autoimmune hemolytic anemia can arise when parental
lympheid cells are injected into non-irradiated Fl hybrid recipients.
Cortisone~resistant thymocytes are very potent in inducing such
anti~erythroid antibodies whereas bone marrow cells are ineffective.
In subsequent studies they demonstrated that autoantibodies of the
TgGl and igA subclasses are deposited along the basement membrane of
the skin after transplantation of donor T lymphocytes of DBA/2 origin

into (C57BL/10 x DBA/2)}F] recipients (332).
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Furthermore, in this parent to Fl combination autoantibodies cof the
IgG and IgM class are generated to the Fl thymocytes (333) as well
as IgG autoantibodies to nuclear antigens (334) and double-stranded
DNA (335). Alsc immune complex glomerulonephritis could be shown to
occur as a consequence of the deposition of these autoantibedies in
the kidney (336). This pattern of autcantibodies closely resembles
that of patients with systemic lupus erythematodes (SLE).

The genetic requirements for induction of these autoantibodies
have also been investigated by the group of Gleichmann (102,337).
It appeared that differences in the I-E and/or I-A subregion of the
MHC were necessary. Interestingly, I-E seems to be the murine ana-
logue of HLA-DR (338,339) and among patients with SLE particular
HLA-DR alleles occur in an increased frequency (340-342). Gleichmann
et al. (343) have postulated that the formation of autcantibodies
in certain cases of SLE is caused by a GvH-like abnormal cooperation
between autologous T and B cells. The generation of this abnormal T
cell help would be due to the binding of drugs or viruses to B
lymphocytes or macrophages, rendering these cells immunogenic to
autologeous T cells. Indeed, it has been demonstrated that drugs
such a8 diphenylhydantoin are able to combine with murine lymphocyrtes,
so that they stimulate autolcgous T cells, which in turn stimulate
a massive IgG antibody production (344). Moreover, lymphoproliferation
induced by footpad injection of these drugs is higher in adult
thymectomized than in normal mice, suggesting that suppressor T cells
might be involved in the constraint of this immunogenic stimulus

(344).
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The chronic GvH disease which develops in rats can also be used
as a model for autoimmune disease. However, this model has not as
extensively been explored as the murine model, yet. Beschorner et zl.
(345) showed that the histopathological lesions of such rats closely
resemble those of scleroderma, Sjdgren syndrome and chronic hepatitis,

Not only 'too much help' has been demonstrated during chronic
GvH reactions, also "too little help' can occur. Dosch and Gelfand
(280) have reported a patient with aplastic anemia, who developed GvH
disease and a transient state of immuncdeficiency after bone marrow
transplantation. During this period his B and T lymphocytes could
cooperate with normal lymphocytes from several unrelated donors and
generate specific antibody-forming cell responses to the T cell
dependent antigen ovalbumin, but were incapable of cooperating with
each other. Evidence for cell or serum mediated suppressor mechanisms
were sought but could not be demonstrated. Similar data have been
obtained in studies on murine GvE. These studies revealed, however,
that such qualitative deficiencies in T and B cells are not related

to the severity of GvH disease experienced {346).
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x. GvH AND LYMPHOMA

It has been amply documented that nen-irradiated animals
suffering from GvH disease have an increased incidence of lymphoma
(347-349), Runt disease caused by transplacental traffic of maternal
lymphocytes might explain the high incidence of lymphoma in young
animals and children. According to Gleichmann (350}, most murine
lymphomas consist of B lymphoblasts. The cells are coften Thy;l
negative and contain immunoglobulins (350). The majority of lymphomas
are derived from host cells and not from donor lymphocytes (350,351).
This is probably due to a positive allogeneic effect by the infused
lymphocytes.

The pathogenesis underlying lymphoma formation after parent to
Fl lymphoid cell transplantation might be as follows. an H-2I
subregion difference between donor and host is essential for inducing
maximal donor lymphocyte proliferation (see Sections III and IV).
Puring this proliferation, lymphokines are produced which may induce
proliferation of other lymphoid cells, e.g., hest B lymphocytes
(351). The anti-H-2% reaction of domor T cells in mice subjected to
GvH persists for a long period (197,352). Consequently, host B
lymphocytes will progressively increase their proliferation rate. If
one of these cells transforms malignantly, a malignant lymphoma may
evolve. The oncogenic event might be due to unmasking and stimulation
of normally latent oncegenic viruses (353). This is supported by the
finding of Pals (personal communication) that lymphoma arising during
GvH display rearrangements ¢f the DNA coding for murine leukemia

viruvs.
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It has been described by Walford (354) that C3H and C3H.K mice
injected at birth with H~-1 incompatible spleen cells {i.e., a weak
histoincompatibility) may lead to a 2- to 4-fold increase of the
incidence of lymphomas, suggesting that weaker stimulation of the

dener T cells essentially has the same effect.
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XI. CONCLUDING REMARKS

Despite the considerable recent advances in immunolegy and
hematology many questions remain to be resolved in the elucidation
of the mechanisms underlying GvH disease. GvB disease represents a
vast array of pathological aberrations in which all types of lympho-
cytes seem to play a role. These lymphocytes frequently act simulta-
neously and can synergize as well as antagonize, depending on the
actual conditions and the subpopulations involved. This poses a major
barrier to research aimed at establishing the cell typés that cause
the various aberrations. Furthermore, it is clear that, generally,
GvH disease is most severe when donor and host differ at the MHEC
and much less severe when only minor histocompatibility differences
are involved. Monoclonal antibodies against T cell subsets may offer
therapeutical possibilities for the prevention and treatment of
GvH disease {355,356).

Patients with acute leukemia may possibly benefit from bone
marrow transplantation. The GvH which ensues often exerts an anti-
leukemic effect, resulting in a prolongation of life and a higher
chance of eradication of the residual leukemic cells (357).

GvH disease is not only of interest to the clinician. GvH
reactions and GvH disease can also be used to study lymphocyte
interactions and the necessary MHC restriction reqguirements in T
cell activation. Furthermore, GvH disease can be used as a model. to

study autoimmune diseases, the development of tolerance, etc,

102



Many aspects of GvH disease still have to be resolved, but with
the further delineation of the identity and function of all elements
constituting the immune system we will also get more insight into the
mechanisms underlying GvH disease and the pathology associated with

this disorder.
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INTRODUCTION AND DBISCUSSION OF THE APPENDIX PUBLICATIONS

Delayed-type hypersensitivity (BTH) is classified as a cell-mediated
immune phenomenon and can be caused by antigen-reactive T lymphocytes
without any essential involvement of B lymphocytes or antibedies.
Skin reactions due to DTH are distinguished from antibody-mediated
skin reactions of immediate type hypersensitivity by the delayed

onset of the former type of skin lesions.

A state of DTH will arise after appropriate sensitization with
antigen and its expression can be elicited locally or systemically by
subsequent challenge with that particular antigen. Skin testing and,
in experimental animals, footpad challenge and ear testing are
examples of local cutaneous elicitation of DTH, whereas shock,
changes in body temperature or hemorrhagic changes in the lung
represeant the systemic part of the DTH reaction (Crowle, 1975). DTH
can be induced in mice by mycobacteria and other bacteria, by fungi,
viruses, parasites, proteins, polysaccharides, contact-sensitizing
agents, heterologous erythrocytes and MHC and non-MHC coded antigens

(Crowle, 1975; Van der Kwast, 1979).

During the past six years our laboratory has been studying the
cellular and genetic requirements of alloreactivity in vivo by
employing experimental models that make use of the large variety of
available inbred mouse strains with well-defined histocompatibility
antigens (Van der Kwast, 19793 Wolters, 1980). In these studies DTH

to alloantigens has been studied under HvG as well as GvH conditioens.
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Evidence was presented that under HvG conditions H-2 as well as
non-H-2 alloantigens can induce DTH (Van der Kwast et al., 1979;
Wolters et al,, 1981). Also H~2 subregion coded alloantigens and a
single minor histocompatibility antigen (i.e., the H-Y antigen) can
induce specific DTH following subcutaneous (s¢) administration of the
antigen (Van der Kwast et al., 19%79; Wolters et al., 1981). Under GvH
conditions, the situation appeared to be completely different. Only
H-~21 and Mls-locus coded alloantigens were able to evoke anti-host

DTH reactivity (Wolters et al., 1980, 1981).

The purpose of the Appendix papers I and II was to provide more
insight into the cellular and genetic requirements for DTH reactivity
to H-2 subregion coded allecantigens and non~H-2 coded alloantigens

under GvH conditions.

Early in the seventies it has been amply documented that different T
cell subpopulations can cooperate in GvH reactions. Thus, it has been
demonstrated that short-lived, sessile Tl cells and long-lived,
recirculating T2 cells synergize in the splenomegaly GvH assay
{Cantor and Asofsky, 1970, 1972) and in the in vitro MLC (Tittor et
al., 1974) Wright et al., 1979). Our laboratory has recently shown
that such synergistic activity of Tl and T2 cells can also be
demonstrated in the development of anti-host DTH reactivity to H-2
alloantigens (Wolters and Bemner, 1981). This activity only occurred
when the donorﬁecipient combination differed not only at H-2I, but

also at the H-2K/D subregion of the H-2 complex.
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It was found that the T2 cells responded to the H-2I-coded
alloantigens, while the Tl cells, which were activated by the H-2K/D
alloantigens, amplified their response. These Tl cells by themselves
were unable to mount anti-host DTH reactivity (Wolters and Benner,
1981). In Appendix paper I, the role of Tl and T2 cells was studied
in the development of anti-Mls DTH reactivity in lethally irradiated
hosts. It could be demonstrated that anti-Mls antigen directed DTH
effector T cells are the progeny of the T2 cells and that Tl cells
amplified this response. The latter, however, were by themselves
incapable of displaying anti-Mls DTH reactivity. Thus there is a
parallel between the anti~Mls and the anti-H-2I DTH response by T2
cells. Furthermore, non-H-2 alloantigens, other than those encoded
for by the Mls locus, and H-2K/D alloantigens induce a similar Tl
cell mediated amplifying activity that enhances the anti-host
response by the T2 cells. (see Fig. 5 for a model for T1-T2
cooperation. This model has been proposed by E.A.J. Wolters in his

thesis and is proved right in this).

x-H-ZKID or

x-minor H antigens x-H-2KID or
short-lived x-minar-H antigens
[ Lyt-123* cytotoxic precursor

@ @

h Teffector cell
@ for GvH-~reiated
DTH

w-H-2[ or
o -Mls lecus antigens
long~iived,Lyt-1%

THYMUS

Fig. 5. Model for Tl cell amplification of T2 cell-derived GvH-
related DTH reactivity.
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Phenotyping of the T cell subsets cooperating in the aﬁti—Mls response
showed that the Tl cells have the Lyt-12+ rhenotype and the T2 cells
the Lyt---l+ phenotype. The same was found for the Tl and T2 cells
synergizing in the development of anti-host DTH reactivity after
transplantation of lymphoid cells into irradiated H~2 incompatible
recipients (Appendix paper I) and for T cells interacting in the
induction of helper T cells (Feldmann et al,, 1977). Also in the
generation of cytotoxic T cells there is a synergistic activity of
different T cell subsets.

Bach et al. (1976) have found that Lyt~1+ helper T cells, wupon
reacting to H-21 region coded alloantigens, proliferate and produce
mediators that amplify the proliferation and differentiation of
cytotoxic Lyt—23+ T cells. Wagner et al. (1979) found that in vitro
the rate-limiting factor for the differentiation of Lyt—123+ cortical
lymphocytes into Lyt-23+ CTL is the presence of a helper factor from

activated Lyt-—l+ T cells.

Most immune reactions occur in a MHC restricted fashion, i.e., T
cells need to recognize the specific antigen in the context of
self-MHC coded antigens. In Appendix paper I we investigated whether
the same holds for sc induced DTH and GvH-related DTH reactivity to
H~2 subregion coded alloantigens. The results of these experiments
indicate that T cells reacting to H-21 region coded alloantigens need
to recognize these antigens in the context of syngeneic H-2K/D

molecules, while T cells reacting to H-2K/D region coded alloantigens
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need to recognize these antigens in the context of syngeneic H-21
molecules. Thus, DTH reactive T cells recognize H-2 subregion coded
alleantigens in a H~2 restricted fashion, just as they recognize

other types of antigens (proteins, viruses, bacteria, etc.).

Suppression of DTH reactions to ceontact sensitizing agents and
heterclegous erythrocytes has also been described (Zembala and
Asherson, 1973; Liew, 1977). In these studies suppression was induced
by an intravenous (iv) injection of the specific antigen. It was
shown in these studies that the state of suppression was due to
suppressor T cells,

We investigated whether iv injection of mice with allogeneic spleen
cells can suppress the development of DTH to MHC and non-MHC coded
alloantigens which normally arises after sc immunization with such
antigens (Appendix paper III). This was found to be the case. The iv
route was found to be obligatory for inducing maximal suppression.
Furthermore, the extent of suppression was clearly dependent on the
cell dosages used. Suppression could be demonstrated after iv
preimmunization with irradiated as well as with unirradiated spileen
ceils and was found to be mediated by T cells (Appendix paper IV},
The induced suppression was found not to be due to a shift in peak
reactivity and could be demonstrated up to 40 days after its
induction. The suppression of DTH to H-2 alloantigens was haplotype
specific. Moreover, iv injection of non~H-2 incompatible cells could
not suppress the DTH to H-2 alloantigens and vice versa (Appendix

paper III).
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As suppression may affect the induction (Liew, 1977; Miller et al.,
1978b; Germain and Benacerraf, 1981) as well as the expression phase
of DTH (Miller et al., 1978a; Asherson and Zembala, 1980; Germain and
Benacerraf, 1981) we investigated which phase of the DTE reaction was
affected by our proteocol of iv induction of suppressor T cells. It
was found that in cur system the suppression affected the induction
phase of DTH, Most likely the suppressor cells also affect the
expression phase, since the immune lymphocyte transfer (ILT)
reactivity could be blocked by simultaneous transfer of suppressor T
cells.

The mechanism by which suppressor T cells exert their influence might
well be the inbibition of proliferation of DTH reactive T ceils as
immunosuppressed mice do not respond tc sc immunization with the
specific antigen with a proliferative activity in contrast to
non-suppressed mice {Appendix paper III).

In Appendix paper IV the suppressive effect was further evaluated,
and the T cells responsible for the suppression characterized.
Different dosages of irradiated and unirradiated spleen cells were
used to induce suppressor T cells. It was found that suppressor T
cells were optimally induced by a dose of 1 x 106 unirradiated cells
and by a dose of 5 x 107 irradiated cells. The spleen did not seem
obligatory for the optimal induction of suppressor T cells as lymph
node cells from splenectomized suppressed animals could transfer

suppression to naive secondary recipients.

In subsequent studies we investigated whether suppressor T cells
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induced according to the above pretocol of iv preimmunization with
irradiated allogeneic spleen cells could also suppress acute and
delayed GvH reactions in mice. The assay emploved in these studies
for measuring GvH reactivity was originally developed by Wolters and
Benner (1978) and is based upon transfer of spleen and lymph node
cells from mice subjected to GvH to naive secondary recipients, which
are syngeneic to the donors of the cells, used to reconstitute the
irradiated recipients (Fig. 1). Immediately after transfer the
secondary recipients are cﬁallenged in the right hind foot with
spleen cells syngeneic to the irradiated recipients to test for DTH

reactive T cells. If there were anti-host reactive T cells in the

spleen and/cr lymph neodes of the mice subjected to GvH, this results
in a footpad swelling of the locally challenged secondary recipients,
which can be measured 24, 48 and 72 h after challenge. Using this
assay, we evaluated whether suppressor T cells induced by means of iv
preimmunization of donor mice with irradiated allogeneic spleen cells
were also able to minimize the anti-host DTH reactivity during GvH.
Indeed, spleen cells and bone marrow cells from donors that had been
iv preimmunized with recipienttype alloantigens induced weaker
anti-hest DTH reactions. Furthermore, such spleen cells were able to
suppress the anti-host immune reactivity by spleen cells from
non—suppressed donors (Appendix paper V). Suppressor T cells could

be demonstrated at least 40 days after induction. Subsequently we
showed that the generation of active suppressor T cells is asscciated
with proliferation, and furthermore, that after restimulation these

cells require further proliferation to display a maximal suppressive

135



effect, These suppressor cells were found to bear Lyt-1 and/or Lyt-2

molecules on their cell surface (Appendix paper V).

In recent years several suppressor T cell pathways have been
described in the literature. Germain and Benacerraf (1981) have tried
to integrate these different models. They advocate that the
suppresscr pathway is initiated by a Lyt—l+ or Lyt—123+
antigen-specific T cell, which produces a suppressor factor called
TsFl. This factor triggers precursors of second order suppressor T
cells (Lyt—l23+) to develop into Lyt—23+ cells, which in turn produce
another suppressor factor called TsF2.

The latter acts on a third suppressor cell precursor (Lyt—123+) which
develops afterwards to a Lyt~23+ cell and produces a third suppressor
factor called TsF3. The ultimate suppressive effect may be mediated
by the third order suppressor T cell or the TsF3. Feldmann et al.
{1977) have shown that suppressor precursor cells and suppressor
effector cells are both Lyt—23+ and reside in the T2 subpopulation.
For differentiation of these precursor cells an amplifier T cell is
required. This cell type is Lyt—123+ and resides in the Tl
subpopulation. Although there are some parallels between certain
aspects of these studies and our own investigations, it is difficult
to find clear parallels. Sc¢ far, our studies do not indicate the
involvement of more than one type of suppressor T cells in the
suppression of in vivo allegraft reactions (HvG and GvH). As far as
the phenotype of this subset has been delineated, it resembles mostly
the third order suppressor T cell described by Germain and Benacerraf

(1981).
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In the Appendix papers VI and VII the specificity of the suppressive
effect by the activated suppressor T cells was investigated. In both
DTH arising in sc immunized mice and in GvH-related DTH we found that
suppressor T cells, although they are antigen-specific as far as
their activation is concerned, also suppress DTH reactions to third
party alloantigens, provided that these alloantigens are presented in
combination with the zlloantigens that had induced the suppressor

T cells. This 'bystander-suppression' phenomenon might explain the
beneficial effect of preoperative blood transfusion upon the survival
of kidney transplants in man (QOpelz et al., 1973 Persijn et al.,
1977} .

Sharing histocompatibility antigens by the transfused blood cells and
the transplanted kidney and/or passenger blood cells present in the
kidney might reactivate antigen-—specific suppressor T cells after
transplantation and that might suppress the antigraft reaction in a

non-specific way.

Iv immunization with alloantigens always induced suppressor T cell
activity in our system, independent of whether it concerned H~2 allo-
antigens, a H-2 subregion coded alloantigen or non-H-2 coded allo-
antigens. The I-J subregion, which is believed by several authors

to play a cardinal reole in mediating suppression (Germain and Bena~
cervaf, 1981, Liew, 1981, Zembala et al., 1982) does not seem to play
any role in our system (Appendix paper VII).

T lymphocytes are not only heterogenecus with regard to their surface
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phenctype, but also with regard to the enzymes invelved in the purine
metabolism (Dosch et al., 1%80). In man, deficiencies for these
enzymes have profound effects on the immune system (Giblett et al.,
1972, 1975) due to the intracellular accumulation of toxic purine
metabolites in lymphocytes. In Appendix paper VIIT it was
investigated whether the injection of one of these metabolites,
namely 2'-deoxyguanosine (dGue) has a differential effect upon DTH
reactive T cells and suppressor T cells. This proved to be the case
under HvG as well as GvH conditions. It was found that proliferating
DTH reactive T cells, which are at least partly idenfical to helper
T cells (Bianchi et al,, 1981), were not affected by moderate doses
of dGuo, whereas proliferating suppressor T cells were. Therefore we
suggast that DTH-reactive T cells and suppressor T cells might have
a different purine metabolism,

It was shown by Carson et al. {1977) that in man the enzyme
deoxycytidine kinase is abundantly present in resting and dividing T
lymphocytes, while the level of the enzyme deoxynucleotidase is very
low (Carson et al., 1981). The combination of a high level of
deoxycytidine kinase and a low level of deoxynuclectidase implies
that thymocytes and T lymphocytes phosphorviate dGuo to the
nucleotides deoxyadenosine triphosphate (dATP) and deoxyguanosine
triphosphate (4GTP) causing an accumulation of these until an
equilibrium is reached or the cell dies. Human B cells, on the other
hand, are relatively resistant to the effects of dGuc because they
possess high levels of intracellular deoxynucleotidase, which can

prevent the accumulation of dAT? and dGTP (Carson et al., 1979;
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Edwards et al., 1979; Kazmers et al., 1981). It might well be that
helper T cells and DTH reactive T cells resemble B cells in this
respect.

The above data can be summarized as follows:

a. T cells recoganize alloantigens in vivo in a MHC~restricted
fashion.

b. The anti-host DTH response by long-lived Lytnl+ T cells can
be amplified by short-lived Lyt-127 T cells.

c. The induction of DTH reactivity to alloantigens is under control
of suppressor T cells, independent of whether this DTH
reactivity is induced under HvG or GvH conditions.

d. Alloantigen-specific suppressor T cells can also suppress the
response to third party allecantigens, provided the latter are
presented as 'bystanders' to the allecantigens that had induced
the suppressor T cells.

e. The activities of enzymes invelved in the purine metabolism of

DTH reactive T cells and suppressor T cells are different.

139



SUMMARY

Graft—versus-Host (GvH) disease is characterized by weight loss,
diarrhea, skin lesions, hypofunction of the immune system with
concomitant infections, etc. This syndrome 1is potentialily lethal.

GvH reactions, which underly this disease, may occur when jimmuno-
competent T lymphocytes are transplanted inte a host, which is unable
to eliminate the intrusive donor lymphocytes and which confronts the
graft with a sufficient degree of histoincompatibility. The type of T
lywphocyte which plays a central role in GvH reactions seems to be
the Lyt—l+ T cell, which probably is analogous to the helper T cell.
This cell type may activate other subsets of T lymphocytes, viz.,
cytotoxic T cells and suppressor T cells, which may lead to GvH
disease, depending on the experimental conditions and antigenic

differences between donor and host,

The GvH reaction is not only interesting from the point of view of
the ensuing syndrome, but can also be used to study certain
fundamental immunological problems, such as which histocompatibility
antigens evoke the strongest immune reactions, which cell types are
involved, do these cell types synergize, etc. We approached these
questions in experimental studies with mice. To study such problems
one has to have an appropriate assay. We made use of a delayed-type
hypersensitivity (DTH) assay which is appropriate to measure the
anti-hest immune reactivity during acute and delayed GvH reactions

in mice.
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Anti-host DTH reactivity can be demonstrated by means of transfer of
spleen and lymph node cells from mice subjected to GvH to normal
secondary recipients, syngeneic to the original }ymphoid cell donor.
These secondary recipients are challenged in the right hind foot with
spleen cells syngeneic to the irradiated host. The increase in foot
thickness, measured 24 h later, is a measure for the height of the

anti~host immune response.

The GvH related DIH assay was previously proved te be a valuable tool
to study the cellular and genetic requirements for anti-host immune
reactivity. By using this assay we investigated the cells involved in
the anti-host DTH response directed to Mls-locus coded antigens. It
was found that for the development of maximal DTH reactivity two sub-
sets of T cells must cooperate. Anti-Mls-~locus antigen directed
effector T cells turned out to be the progeny of long-lived
recirculating T2 cells. This response could be amplified by
short-lived, sessile Tl cells. The latter were incapable of
displaying anti-Mls DTH reactivity, and were probably activated by

other minor histocompatibility antigens (Appendix paper I).

The GvH related DTH assay was also used to study the genetic
requirements for immune reactivity, directed te major
histocompatibility complex (MHC) coded antigens. T cells differ
fundamentlly from B cells in that they have to recognize not only the
foreign antigen in order to become activated, but also one of the

body's own MHC antigens. This phenomenon is called MHC restriction.
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Most reactions to conventional antigens occur in a MHC restricted
manner, e.g., reactions against viruses, bacteria and non-MHC coded
alloantigens. The present study provides evidence that responses to
MHC-coded antigens in vivo are also MHC restricted: T cells reacting
to H-21 region coded antigens need to recognize these antigens in the
context of syngeneic H—ZK/D molecules and T lymphocytes reacting to
H-2K/D antigens need to recognize these antigens in the context of
syngeneic H-2I melecules. Thus reactions to MHC-subregion-coded
antigens in vivo do not differ fundamentally from those directed to

the more conventional thymus-dependent antigens (Appendix paper II).

The normal DTH reaction which occurs after subcutaneous (sc) immuni-
zation of mice with heterclogous erythrocytes and contact sensitizing
agents can be suppressed by an intravenous {(iv) preimmunization with
a high dose of the same antigen. In the Appendix papers III and IV it
is shown that iv preimmunization of mice with allogeneic spleen cells
also induces a state of suppression of DTH reactivity, which is
apparent after sc immunization of these mice with the same allogeneic
spleen cells. The induction of suppression was dependent on the route
used for preimmunization {(the iv route was obligatory) and the cell
dose used for preimmunization {the higher the dose, the stronger the
suppressive effect). Suppression could be demonstrated for at least
40 days after preimmunization and was antigen-specific: iv injection
of cells incompatible for minor histocompatibility antigens could not
suppress the DTH to MHC antigens and vice versa. The mechanism
underlying this suppressive effect was found to be the irhibition of

the proliferation of DTH effector T cells after the sc immunization.
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The suppressive effect was found to be mediated by suppressor T
cells, which bear, at least in part, Lyt-l as well as Lyt-2 surface
markers. When mice, that had been iv suppressed with allogeneic
spleen cells, were used as spleen or bone marrow cell donors to
reconstitute irradiated allogeneic recipient mice, ne or only
marginal anti-host DTH reactivity could be detected. However, this
only occurred when the allogeneic recipients were compatible with the
allogeneic spleen cells used to induce the state of suppression. This
suppressive effect was a dominant phenomenon since spleen cells from
"suppressed' donors could inhibit the reaction by spleen cells from
non-suppressed donors. The suppressive effect generated in this sytem
was dependent on the proliferation of the activated suppressor cells,
which have, just as suppressor T cells that regulate anti-graft DTH
reactions, at least in part the Lyt~12+ phenotype. Suppressor cells
could be generated against MHC plus non-MHC antigens as well as
against H-21 subregion coded antigens only and Mls-locus coded

antigens (Appendix papers V and VII).

Experiments aimed at unravelling the specificity of suppressor T
cells showed that these cells were strictly antigen-specific as far
as their activation is concerned, but that they could also suppress
the in vivo immune response to unrelated alloantigens, provided that
the latter were presented in combination with the antigens that had
originally induced the suppressor T cells. This 'bystander
suppression' occurred even when the specific and the 'bystander'

antigens were not physically associated (Appendix papers VI and VII).
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Finally, we characterized the suppressor T cells with regard to their
sensitivity for deoxynucleotides. We found that the in vivo admini-
stration of micromolar quantities of 2'-deoxyguanosine (dGuo), a
metabolite involved in the synthesis and degradation of DNA, to
suppressed responder mice prevented the induction of suppressor T
cells. The differentiation as well as the proliferation of DTH
reactive T cells, on the other hand, were found to be resistant to
such doses of dGuo (Appendix paper VIII). These results support the
notion that DTH reactive T cells and suppressor T cells have
different activities of enzymes involved in the purine metabelism.
This observation may open new avenues to manipulate different

subpopulations of T lymphocytes selectively.
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SAMENVATTING

Transplantaat-anti-gasthesr {Graft-versus-Host, GvH) reacties worden
gekarakteriseerd door gewichtsverlies, diarree, huidafwijkingen en
een slecht functioneren van het afweersysteem, wat resulteert in
allerledi infecties. Deze constellatie van afwijkingen kan tot de docod
van de gastheer leiden. Deze reacties kunnen ontstaan wanneer
immunocompetente T lymfocyten worden getransplanteerd naar een
gastheer, die niet in staat is zich te verdedigen tegen de binnen-
dringende donor lymfocyten (bijv. wegens een bepaalde ziekte), en die
andere transplantatie-antigenen heeft dan de donor. Het type
lymfceyten dat een centrale rol speelt bij deze reacties lijkt een
Lyt~1 positieve cel te zijn, die waarschiinlijk identiek is aan de
helper T cel. Dit celtype kan, afhankelijk van de experimentele
cmstandigheden en van de genetische verschillen tussen donor en
gastheer, andere typen lymfocyten, zoals de cytotoxische T cel of

the suppresscr T cel, activeren. Dit kan leiden tot het GvH syndroom.

De GvH reactie kan worden gebruikt om fundamentele problemen binnen
de immunologie te bestuderen, zoals welke transplantatie antigenen de
sterkste GvH reacties opwekken, welke celtypen daarbij betrckken
zijn, en welke celsamenwerkingsverbanden daarbij kunnen bestaan. Wij
hebben deze vraagstellingen benaderd in dierexperimenteel onderzoek
dat van muizen gebruik maazkte. Om dat te kunnen doen, dient men de
beschikking te hebben over een goed en betrouwbaar testsysteem, dat
kan worden toegepast in dat diermodel. Wij maakten gebruik van een

vertraagd type overgevoeligheidsreactie (delayed-type
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hypersensitivity, DTH) welke geschikt is om de tegen de gastheer
optredende immuunreactie te meten.

Deze anti-gastheer DTH reactie kan worden aangetoond dcor middel van
'transfer' van milt- en lymfkliercellen van bestraalde
gastheer-muizen, die een vreemd milt~ of beenmergtransplantaat hadden
gekregen, naar normale secundaire ontvangers. Deze ontvangers dienen
van dezelfde muizestam te zijn als het milt-~ of beenmergtransplantaat
dat gebruikt is voor transplantatie van de bestraalde muizen. Deze
secundaire ontvangers worden in de rechterachterpoot gespoten met een
testdosis miltcellen afkomstig van muizen die van dezelfde stam zijn
als de bestraalde gastheer. De pootzwelling die 24 uur later
optreedt, is dan een maat voor de sterkte van de transplantaat-anti-

gastheer reactie.

De GvH-gerelateerde DTH test werd eerder in ons laboratorium gebruikt
om de cellulaire en genetische voorwaarden veor het ontstaan van
anti-gastheer immuunreactiviteit te bestuderen. Wij gebruikten deze
test om te onderzoeken welke celtypen betrokken zijn bij de
anti-gastheer immuunreactiviteit tegen Mls-locus gecodeerde
antigenen. Het bleek dat twee soorten T cellen moesten samenwerken om
een maximale DTH reactie te vercorzaken. De DTH effector T cellen
gericht tegen Mls-antigenen bleken de nakomelingen te zijin van
lang-levende, recirculerende T2 cellen. Hun reactie kon worden
varsterkt door kort-levende, sessiele Tl cellen. Deze laatste waren
zelf niet in staat tot een DTH reactie tegen de Mls-antigenen, maar
worden waarschijnlijk geactiveerd door andere, zwakke transplantatie-

antigenen (Appendix publikatie I).
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Daarnaast werd de GvH~gerelateerde DTH test gebruikt om de genetische
voorwaarden te bestuderen voor het ontstaan van immuunreactiviteit
tegen sterke transplantatie-antigenen die worden gecodeerd door het
H-2 complex van de muis. T cellen verschillen n.l. fundamenteel van

B cellen in het feit dat zij niet alleen het lichaamsvreemde anti-
geen moeten herkennen om te worden geactiveerd, maar dat ze daarnaast
nog &&n van de lichaamseigen transplantatie-antigenen moeten
herkennen, Dit verschijnsel wordt H~2 restrictie genoemd en treedt op
bij de reactie tegen bacterién, virussen, zwakke transplantatie-
antigenen, en allerlei andere 'thymus-afhankelijke' antigenen. Het
bleek dat wanneer de DTH reactie wordt bestudeerd tegen
transplantatie-antigenen die worden gecodeerd deor subregionen van
het H-2 complex, de daartegen reagerende lymfocyten ook deze
antigenen in vivo moeten herkennen in associatie met de eigen
transplantatie—antigenen: reacties tegen H-2I-antigenen bleken
afhankelijk te zijn van de gelijktijdige herkenning van de eigen
H-2K/D moleculen en reacties tegen H-2K/D antigenen bleken
afhankelijk te zijn van de gelijktijdige herkenning van de eigen H-2I
moleculen. Het lijkt er dus op, dat in vivo reacties, gericht tegen
transplantatie-~antigenen die worden gecodeerd door subregionen van
het H-2 complex, niet fundamenteel verschillen van de reacties
gericht tegen de meer conventionele 'thymus-afhankelijke' antigenen
(Appendix publikatie II).

Een DTH reactie kan bij muizen ook worden opgewekt door hen
onderhuids (subcutaan, sc) te immuniseren met een thymus-afhankelijk
antigeen en 6 dagen later met hetzelfde antigeen te 'challengen' in

de rechterachterpoot.
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Door andere onderzoekers is =zangetoond, dat het cntstaan van een
staat van DTH reactiviteit ten gevolge van immunisatie met rode
bloedcellen van een andere diersoort kan worden onderdrukt door aan
de muizen tevoren een hoge dosis van zulke rode bloedcellen via een
staartader toe te dienen (intraveneuze (iv) preimmunisatie)., In de
Appendix publicaties TII en IV wordt aangetoond dat iv preimmunisatie
met miltcellen van een zgndere muizestam de DTH reactie tegen een~
zelfde miltceltransplantaat ook kan cnderdrukken. De opwekking van
dit onderdrukkend effect bleek afhankelijk van de route van
preimmunisatie (de 1v route bleek noodzakelijk) en de celdosis die
werd gebruikt (hoe hoger de celdosis, des te sterker het
onderdrukkend effect). De suppressie kon worden aangetoond tot 40
dagen na iv preimmunisatie en 1s antigeen-specifiek: iv injectie van
cellen afkomstig van donoren, die van de ontvangers alleen in
non-H-2-antigenen verschiiden, kon de DTH reactie tegen H-Z-antigenen
niet onderdrukken en vice versa, Het supprimerende effect berust op
onderdrukking van de celdeling van de DTH effector T cellen na sc
immunisatie. Het supprimerende effect wordt verocorzaakt door
langlevende suppressor T lymfocyten, die tenminste voor een deel

zowel Lyt~l als Lyt-2 moleculen op hun celoppervlak dragen.

Wanneer responder muizen, die iv gepreimmuniseerd zijn met miltcellen
van een andere stam, worden gebruikt om milt- of beenmergcellen te
leveren om hiermee bestraalde muizen te transplanteren, kon er geen
of een zeer beperkte anti-gastheer DTH reactiviteit worden

aangetoond. Deze suppressie trad alleen op wanneer de bestraalde
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ontvangers identiek waren aan de doncren van de miltcellen die waren
gebruikt om de suppressie op te wekken.

Dit supprimerende effect is een 'dominant’' verschijnsel, omdat
miltcellen van gesupprimeerde donoren de anti-gastheer reactie docr
miltcellen van niet-gesupprimeerde donoren konden onderdrukken,

Het supprimerende effect in dit systeem wordt eveneens veroorzaakt
door T lymfocyten, die tenminste voor een deel =zowel Lyt~l als
Lyt-2 positief zijn. De suppressor T lymfocyten moeten zich delen om
een maximaal supprimerend effect te kunnen ontplooien. Suppressor

T cellen kunnen worden opgewekt door gelijktijdige iv tcediening van
H~2 en non-H-2 transplaantatie—antigenen, door iv toediening van
transplantatie-antigenen die worden gecodeerd deoor de E-2I subregio,
en door Mls-locus gecodeerde antigenen (Appendix publicaties V en

VII).

Onderzoek naar de specificiteit van de suppressor T cellen onthulde
dat deze cellen antigeen—specifiek zijn voor wat betreft hun
activatie, maar dat ze in staat zijn de immuunreactie tegen
niet-verwante antigenen mede te onderdrukken, mits deze antigenen aan
deze cellen worden aangeboden in combinatie met de specifieke
antigenen, die de suppressor cellen hadden opgewekt. De suppressie
van de DTH reaktie tegen deze zgn. 'bystander' antigenen is ook
aantoonbaar, wanneer de specifieke en de 'bystander' antigenen niet

op dezelfde cellen voorkomen (Appendix publikaties VI en VII).

Tenslotte bepaalden we de gevoeligheid van de suppressor T cellen voor
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deoxynucleotiden. Wij vonden dat toediening in vive van micromolaire
hoeveelheden 2'-deoxyguanosine (dGuc, een metaboliet die betrokken is
bij de opbouw en afbraak van DNA), aan gesupprimeerde muizen de
inductie van suppressor T cellen voorkwam.

De differentiatie en proliferatie van DTE effector T cellen waren
echter ongevoelig voor deze hoeveelheden dGuc (Appendix publikatie
Viil). Deze resultaten ondersteunen het concept dat DTH effector T
cellen en suppressor T cellem verschillende activiteiten van enzymen,
die betrokken zijn bij het purine metabolisme, ten toon spreiden.
Deze waarneming kan nieuwe wegen ontsluiten voor het selectief

beinvloeden van subpopulaties van T lymfocyten.

150



REFERENCES

Asherson, G.L. and Zembala, M. T suppressor cells and suppressor
factor which act at the efferent stage of the contact
sensitivity skin reacticn: their production by wmice injected
with water-soluble, chemically reactive derivatives of oxazolone
and picryl chloride. Immunology 42, 1005, 1980.

Bach, F.H., Bach, M.L. and Sondel, P.M, Differential function of
major histccompatibility complex antigens in T lymphocyte
activation. Nature 259, 273, 1976.

Bianchi, A.T.J., Hooijkaas, H., Benner, R., Tees, R., Nordin, A.A.
and Schreier, M.H. Clones of helper T cells mediate antigen-
specific H-2 restricted DTH. Nature 290, 62, 1981,

Cantor, H. and Asofsky, R. Synergy among lymphoid cells mediating the
Graft-versus-Host respconse. II. Synergy in Graft-versus-Host
reactions produced of BALB/c lymphoid cells of differing
anatemic origin. J. Exp. Med. 131, 235, 1970.

Cantor, H. and Asofsky, R. Synergy among lymphoid cells mediating the
Graft~versus-Host response. III, Evidence for interaction
between two types of thymus-—derived cells. J. Exp. Med. 133,
764, 1972,

Carson, D.A., Kaye, J. and Seegmiller, J.E. Lymphospecific toxicity
in adencsine deaminase deficiency and purine nuclecside phospho-
rylagse deficiency: possible role of nuclepside kinase(s).

Proc. Natl. Acad. Sci. 74, 5677, 1977.

Carson, D.A., Kaye, J., Matsumoto, 5., Seegmiller, J.E. and Thompson,
L. Biochemical basis for the enhanced toxicity of deoxyribonu-
cleotides towards malignant human T cell lines. Proc. Natl.
Acad, Sci. 76, 2430, 1979.

Carson, D.A., KayVe, J. and Wasson, D.B. The potential importance of
soluble decxynucleotidase activity in mediating deoxyadenosine
toxicity in human lymphoblasts. J. Immunol. 126, 348, 1981.

Crowle, A.J. Delayed hypersensitivity in the mouse. Adv. Immuncl. 20,
197, 1975.

Dosch, H.M., Mansour, A., Cohen, A., Shore, A. and Gelfand, E.W.
Inhibition of suppressor T cell development following
deoxyguanosine administration. Nature 285, 494, 1980.

FEdwards, N.,L., Gelfand, E.W., Burk, L., Dosch, H.M. and Fox, I.H,
Distribution of 5'-nucleotidase in human lymphoid tissues.

Proc. Natl. Acad. Sci. 76, 3474, 1979.

Feldmann, M., Beverley, P.C.L., Woody, J. and McKenzie, I.F.C.

T-T interactions in the induction of suppressor and helper T
cells: analysis of membrane phenotype of precursor and amplifier
cells. J. Exp. Med. 145, 793, 1977.

Germain, R.N. and Benacerraf, B. A single major pathway of T lymphocyte
interactions in antigen-specific immune suppression. Scand. J.
Immunol. 13, 1, 1981.

Giblett, E.R., Andersom, J.E., Cohen, F., Pollara, B. and Meuwissen,
H.J. Adencsine-deaminase deficiency in two patients with
severely impaired cellular immunity. Lancet ii, 1067, 1972.

151



Giblett, E.R., Amman, A.J., Sandman, R., Wara, D.W. and Diamond,
L.K. Nucleoside-phosphorylase deficiency in a child with
severely defective T cell immunity and ncrmal B cell immunity.
Lancet i, 1010, 1975.

Kazmers, I.8,, Mitchell, B.S., Dadonna, P.E., Wotring, L.L.,
Townsend, L.B, and Kelley, W.N. Inhibition of purine nucleoside
phosphorylase by 8-aminoguanosine: selective toxicity for T
lymphoblasts. Science 214, 1137, 1981,

Liew, F.¥. Regulation of delayed-type hypersensitivity. I. T
suppressor cells for delayed-type hypersensitivity to sheep
erythrocytes in mice. Eur. J. Immunol. 7, 714, 1977.

Liew, F.Y. Regulation of delayed-type hypersensitivity. VIl. The
role of I-J subregion gene products in the inhibition of
delayedtype hypersensitivity to major histocompatibility
antigens by specific suppressor T cells. Bur., J. Immunol. 11,
883, 1981.

Miller, S.D., Sy, M.S. and Claman, H.N. Suppressor T cell mechanisms
in contact sensitivity. IT. Afferent blockade by allo-induced
suppressor T cells. J. Immuncl. 121, 274, 1978.

Miller, $.D., Sy, M.S. and Claman, H.N. Suppressor T cell mechanisms
in contact sensitivity. I. Efferent blockade by syn-induced
suppressor cells. J. Immunol. 121, 365, 1578.

Opelz, G., Sengar, D.P.S., Mickey, W.R., and Terasaki, P.I. Effect of
blood transfusions on subsequent kidney transplants.
Transplant., Proe. 5, 253, 1973,

Persijn, G.G., van Hooff, J.P., Kalff, M.W., Lansbergen, Q. and van
Rood, J.J. Effect of blood transfusions and HLA matching on
renal transplantation in the Netherlands. Transplant. Proc. 9,
503, 1977.

FTittor, W., Gerbase-Delima, M. and Walford, R.L. Synergy among
responding lymphoid cells in the one-way mixed lymphocyte
reaction. Interaction between two types of thymus-dependent
cells. J. Exp. Med. 139, 1488, 1974,

Van der Kwast, Th.H. Cellular and genetic requirements for delayed-
type hypersensitivity. Thesis, Erasmus University Rotterdam,
1979.

Wagner, H., Rollinghoff, M., Schawailer, R., Hardt, C. and Pfizen-
maier, K. T-cell-derived helper factor allows Lyt-123 thymocytes
to differentiate into cytotoxic T lymphocytes. Nature 280, 405,
1979.

Wolters, E.A.J. and Benner, R. Immuncbiclogy of the Graft-versus-Host
reaction. I. Symptoms of Graft-versus~Host disease are preceded
by delayed type hypersemsitivity to host histocompatibility
antigens. Transplantation 26, 40, 1978.

Wolters, E.A.J. Cellular and genetic requirements for Graft-versus-—
Host reactivity. Thesis, Erasmus University Rotterdam, 1680.

152



Wolters, E.A.J. and Benner, R. Different H-2 subregion ccded antigens
as targets for T cell subsets synergizing in Graft-versus-Host
reaction. Cell. Immunol. 59, 115, 198i1.

Wright, P.W., Loop, S.M. and Bernstein, I.D. Synergy among rat T
cells in the proliferative response to alloantigen. Cell.
Immunol. 43, 245, 19789.

Zembala, M. and Asherson, G.L. T cell suppression of the T cell
phenomenon of contact sensitivity. Nature 244, 227, 1973.

Zembala, M., Asherson, G.L. and Colizzi, W. Hapten-specific T
suppressor factor recognizes both hapten and I-J region products
on haptenized spleen cells. Nature 297, 411, 1982.

153



DANKWCORD

Op deze plaats wil ik een aantal mensen bedanken, dat bij de
totstandkoming van dit proefschrift heeft meegewerkt, hetzij

direct, hetzij indirect.

In de eerste plaats dank ik mijn promotor, Preof.Dr. R. Benner.

Beste Rob, zonder jouw steun, geregel en toewijding, demk ik niet
dat er ooit een proefschrift van mijn hand zou zijn vefschenen.
Prof.Dr. 0. Vos dank ik voor de faciliteiten die hij geschapen heeft
om wetenschappelijk onderzoek te doen. Vervolgens dank ik de hoog-
leraren Van Bekkum, Vos en Westbroek voeor het nauwkeurig doornemen
van het manuscript en het leveren van kritische kanttekeningen, wat

de kwaliteit ten goede kwam,

Dr. Thec van der Kwast en zijn analiste Hanneke Ploemacher-Olthof
dank ik dat zij mij bij de eerste schreden op het immunologiepad
behulpzaam zijn geweest.

Beatrix Molendijk-Lok en Lidia Hussaarts-0dijk dank ik voor hun

bijdragen in het experimentele werk, in vaak heel grote proeven.

Guus Koch en Theo van den Akker dank ik voor het nauwgezet bestellen
van de grote hoeveelheden genetisch zuivere muizen, die voor dit
onderzoek onmisbaar waren. In Andre Bianchi vond ik een collega met

wie vruchtbare discussies mogelijk waren.

154



Mijn collegae van de Immunologie en Hematologie groep dank ik voor
het cre&ren van een goede sfeer, waarbij de brokken muizevoer soms
over het lab vlogen (Peter N., Anne) en horen en zien je soms

verging (toeter René&).

De ondersteunende diensten, m.n. het secretariaat, de fotografen,
dierverzorgers en spoelkeuken, dank ik veor hun toewijding waarmee

ze mij behulpzaam waren: Cary Meijerink-Clerkx, en later ook
Jacgueline de Goey-van Dooren, voor het uittikken van weer &&n of
andere gecorrigeerde versie van E&n of ander manuscript; Joop Fengler
en vooral Tar van Os voor het maken van foto's en het geven van
adviezen met onschatbare waarde voor het totstandkomen van het
proefschrift; de dierverzorgers Joop Bos, Joop Brandenburg, Ferry
Siefert en Marry & Yvonne Steinvoort voor de zeer essentidle taak

van het in goede conditie houden van de proefdieren; Mevrouw Godijn,
Jopie Bolman en Lia de Wever voor het schoonmaken van het glaswerk en
het maken van het levenselixer koffie] Rein Smid voor het nauwkeurig
bestellen van allerlei onmisbare benodigdheden, en, in de beginfase,
Pim Visser en Piet Hartwijk vecor het maken van de tekeningen. Tussen
haakjes, zouden de ondersteunende diensten misschien ook mee mogen

groeien, paraliel aan de groei van de afdeling ?

De deelnemers aan de werkbesprekingen wil ik danken voor hun

bijdragen tijdens deze sessies, met name Dr. 0.B3. Zaalberg en Flora

Lubbe van het Medisch Biclogisch Laboratorium TNO, Rijswijk.

155



De tijd dat ik in de feestcommissie heb gezeten zal me nog lang

heugen. Ad, Cary, Els, Frans en Henk: hardstikke bedankt!

Ad de Frel en Ina Klasen dank ik voor de mogelijkheid die ze mij
hebben geboden om m'n proefschrift toch 'camera-ready' aan de drukker
te kunnen aanbieden. Huub en Herbert dank ik voor hun bereidheid om

paranimf te willen zijn.

Verder de mensen van het CPB, Wil Visser-Steinvoort, Ed Lansbergen,

en het AVC voor het regelen van muizen en het maken van tekeningen.

Tenslette, als laatsten, maar niet de minsten, wil ik mijn ouders

bedanken voor de gelegenheid die ze mij hebben geboden om te kumnen

studetren en voor het credren van een goede achtergrondsfeer,

156



CURRICULUM VITAE

De schrijver van dit proefschrift aanschouwde op 3 maart 1957 het
levenslicht te Vliaardingen en groeide nadien voorspoedig op.

Hij begon op 4~jarige leeftijd aan een zeer lange schoolcarriére
op achtereenvolgens de Ds. Hendrik de Cock kleuterschool, de Ds.
Hendrik de Cockschool voor lager conderwijs en de Christelijke
Scholengemeenschap '"Groen van Prinsterer'. Aan deze laatste legde
hij in 1975 met goed gevolg het examen VWO-gymnasium 8 af.

Na een gelukkige loting kon hij in datzelfde jaar de studie
Geneeskunde aanvangen aan de Medische Faculteit van de Erasmus
Universiteit Rotterdam. In het kader van het keuzepraktikum deed
hij in 1978 bij Drs. (tcen nog) Theo van der Kwast onderzoek naar
de regulatie van vertraagd type overgevoeligheidsreacties tegen
transplantatie-antigenen bij muizen. Dit onderzoek werd daarna
voortgezet in het kader van een student-assistentschap.

In oktober 1980 legde hij met goed gevolg het doktoraal examen
Geneeskunde af waarna hij op 1 november 1980 in tijdelijke dienst

werd aangesteld bij de afdeling Celbiologie en Genetica van de

Erasmus Universiteit Rotterdam. Op deze afdeling werd onder leiding

van Prof.Dr. R. Benner het in dit proefschrift beschreven onderzoek

verricht.

157






SYNERGISM OF T LYMPHCCYTE SUBSETS IN THE RESPONSE TO MLS-LOCUS CODED

ANTIGENS DURING GRAFT-VERSUS-HOST REACTION

H. BRIL, B.D. MOLENDIJK-LOK, L.M. HUSSAARTS-ODIJK and R. BENNER

Department of Cell Biclogy and Genetics, Erasmus University,

Rotterdam, The Netherlands.

159



SUMMARY

After transplantation of lymphoid cells into lethally irradiated
(semi)allogeneic mice specific anti-host directed effector T cells
are generated. This can be demonstrated using a delayed type
hypersensitivity (DTH) assay. In H-2 compatible combinatiens,
Mls~locus coded antigens, but no other minor histocompatibility
antigens, can induce the generation of such effector T cells. This
paper shows that maximal anti-host DTH responses are obtained when
the lymphoid cells transplanted constitute of a mixture of
long-lived, recirculating T2 cells and short-lived, sessile Tl cells.
It was demonstrated that anti-Mls locus~directed DTH effector T cells
are the progeny of T2 cells, and that Tl cells amplify this response.
The latter, however, are by themselves incapable of displaying
anti-Mis DTH reactivity. The Tl cells were found to be of the
Lyt—-1+24 phenotype, and the T2 cells of the Lyt-1+2- phenotype. The
same Lyt phenotypes were found for Tl and T2 cells synergizing in the

GvH reaction against H~2 alloantigens.
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INTRODUCTION

Cantor and Ascfsky (1) have shown synergism between parental

peripheral bleood lymphocytes and thymocytes in the production of

splenomegaly in neonatal Fl recipients. According to this observation

Raff and Cantor (2} proposed to subdivide T lymphoecytes into tweo
subpopulations, namely, Tl cellis which are shortlived, sessile T

cells, sensitive to adult thymectomy (ATx), and T2 cells, which are

long-lived, recirculating T cells, sensitive to anti-~thymoeyte serum

(ATS) in vivo.

We have previously shown in donecr-recipient combinatiomns
differing at the major histocompatibility complex (MHC) that the
effector T cells mediating anti-host directed delayed type hyper-
sensitivity (DTH) are the progeny of T2 cells, activated by
antigens encoded by the I region of the MHC (3). Their response was
amplified by Tl cells, which are activated by H-2K and/or H-2ZD
region coded antigens.

In other studies {4,5) we have shown that in H-2 compatible
combinations Mls—locus coded antigens can alsc induce the gene-
ration of GvH-related effector T cells. It was found that M1s®
and Mls© antigens evoked distinct anti-host DTH reactivity.

Mlsb antigens, on the other hand, caused only a marginal and
short—-lasting anti-host DTH reactivity. Furthermore, Mls® and Mis®
locus products can induce strong mixed lymphocyte culture (MLC)
responses (6), resembling responses induced by I region products

of the MHC.
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The DTH assay we have developed for measuring the development of
anti-host effector T cells during GvH is based upon secondary
transfer of lymphoid cells from the animals undergoing the GvH
reaction (7). The secondary recipients are subsequently tested for
DTH reactivity to the histocompatibility antigens which evoked the
GvH reaction. Using this assay we studied the contribution of T1 and
T2 cells in the response to Mls-locus coded antigens Auring GvH
reactions. The results further substantiate the functional similarity

of H~21 ard Mls antigens.

MATERIALS AND METHODS

Animals. (BALB/c x DBA/2)T1 (#-2%; mM1s?/2

) female mice were
purchased from the Radiobiological Institute TNC, Rijswijk,

d a k a
The Netherlands. DBA/2 (H-27; Mls ), AKR (H-2; Mls") and C3H/He
(H—Zk; Mlsc) femzle mice were purchased from Bomholtgard, Ry, Denmark
and from OLAC Ltd., Bicester, United Kingdom.
BALB/c (H—Zd; Mlsb) female mice were bred at the Laboratory Animals

Centre of the Erasmus University, Rotterdam, The Netherlands. The age

of the mice varied between 12 and 20 weeks.

Preparation of cell suspensicns. Mice were killed by carbon dioxide.

Immediately after killing, the lymphoid crgans to be used (spleen and
inguinal, axillary and mesenteric lymph nodesg) were prepared for
single cell suspensions as described previcusly (7). Nucleated cells

were counted with a Coulter counter model B.
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Irradiation. The recipient mice received 7.5 Gy whole body
irradiation, except the DBA/Z mice, which received 6 Gy. The
irradiation was generated in a Philips Miiller MG 300 X-ray machine
as described previously (7). Radiation control mice died in 14

to 21 days.

Selective elimination of Thy~1.2 positive cells. Monoclonal

IgM anti~Thy-1.2 antibodies (clone F7D5) were purchased from COLAC
Ltd., Bicester, United Kingdom. Cell suspensions were treated

with anti-Thy-1.2 antibedies for 30 min at 4°C. The amount of anti-
Thy-1.2 antibodies used was three times more than required to kill
at least 95% of corticosteroid-resistant thymocytes (8). After
incubation, the cells were centrifuged, resuspended in balanced
salt solution (BSS) and incubated with guinea pig complement
(Behringwerke AG, Marburg, W.-Germany) for 15 min at 37°C.
Thereafter the cells were washed three times and resuspended in

BSS.

Selective eliminaticn of Lyt-1.1 and Lyt~2 positive cells. Mono-

clonal IgGZa anti-Lyt-1.1 antibodies {(clone 7-20.6/3)} were purchased
from Cedarlane Laboratories Ltd., Hormby, Canada. Cell suspensions
were treated in vitro with anti-Lyt-1.l for 60 min at 4°C. After
incubation, the cells were centrifuged, resuspended in BSS and
incubated with guinea pig complement (Behringwerke AG) for 40 min

at 37°C. Thereafter, the cells were washed three times and resus-

pended in BSS. Monoclonal IgM anti-Lyt-2 antibodies were produced
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in our own laboratory from clone 3.168.8 which was kindly provided by
Dr. F.W. Fitch, Department of Pathology, University of Chicago,

USA. For elimination of Lyt-2 positive cells in vitro the same
protocol was used as described for depletion of Lyt-1.1 positive

cells.

Anti-thymocyte serum. Anti-thymocyte serum (ATS) was prepared and

absorbed as described previously (8,9). Mice received two sub-
cutaneous (sc) injections of 0.2 ml ATS to eliminate T2 cells, or
0.2 ml normal rabbit serum (NRS) as a contrel. This amount was
equally distributed over the inguinal and axillary areas. These
injections were given 5 and 2 days before the lymphoid organs were
used.

Spleen cells from ATS ard NRS-treated mice are referred to in

the text as 'ATS spleen cells' and 'NRS spleen cells',

respectively.

Lymph node seeking cells. Lymph node seeking T2 cells were

isolated according to the method of Tigelaar and Ascfsky (10)

with some minor modifications. The experimental design was as
follows: 15 x 107 poclaed cells from spleen, peripheral and
mesenteric lymph nodes were intravenously (iv) injected into
lethally irradiated syngeneic recipients. At 24 hr after inoculation
the peripheral lymph ncdes were harvested from these recipients.
These lymph nodes contained about 4 x 106 more nucleated cells

than lymph nodes from irradiated recipients which had not received
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spleen and lymph node cells. The cell yield from all peripheral
lymph nodes of a single irradiated recipient was called one lymph

node seeking equivalent (1 LNS eq.),.

Acute GvH reactions. Acute GvH reactions were elicited by iv

injection of irradiated recipients with an appropriate inoculum

of allogeneic lymphoid cells within 4 hr after irradiation.

Assay for delayed type hypersensitivity. The assay for anti-host

DTH reactivity has been described in detail in a previous paper (7).
Briefly, at 4, 5 or 6 days after (semi}allogeneic reconstituticn a
aumber of cells equivalent to one whole spleen or the total cell yield
from spleen, inguinal, axillary and mesenteric lymph nodes from

an irradiated and allogeneically reconstituted recipient mouse

was transferred iv into a normal secondary recipient. This

secondary recipient was syngeneic to the original Iymphoid cell
donor. DTH reactivity of these secondary recipients was determined

by measuring the difference in thickness of the hind feet 24, 48

and 72 hr after a challenge injection of 2 x 107 spleen cells,
syngeneic to the irradiated recipients, intc the dorsum of the right
hind foot. In the figures the 24 hr values are presented. The DTH
responses at 48 and 72 hr were in harmony with those at 24 hr,

but lower. The percentage specific increase in foot thickness was
calculated as the percentage increase in foot thickness of the immune
mice minus the percentage increase in foot thickness of control mice
which only received the challenge. The swelling of challenged

control mice varied between 15 and 25%.
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RESULTS

Dependence of anti-Mls DTH reactivity on Tl and T2 cells

We have previously shown that in H-2 compatrible, Mls locus
incompatible domor-recipient combinations maximal GvH-related
anti-host DTH reactivity is found at 4 to 7 days after irradiation
and reconstitution, dependent on the strain combination (5). In GvH
induced by transplantation of BALB/c spleen cells into irradiated
(BALB/c x DBA/2)Fl or DBA/2 mice, maximal anti-Mls® DTH responses
are found on day 4. After transplantation of C3H spleeﬁ cells into
irradiated AKR mice, on the other hand, maximal anti-Mls® DTE
responses are found around day 6 (5). We have also shown that
under such conditions the anti-host DTH response indeed is mainly
directed towards the Mis-locus coded antigens (5).

In order to investigate whether both ATx-sensitive, sessile
Tl cells and long-lived, recirculating T2 cells are involved in
the GvH-related DTH reactivity tc Mls antigens, elimination and
mixing experiments were done. Spleen cells were depleted of
T2 cells by in vivo treatment with ATS, while lymphoid cell sus-
pensions were enriched for T2 cells by isolating the LNS cells
according to the method of Tigel=zar and Asofsky (10).

The ianveolvement of Tl and T2 cells was investigated in the
following donor-recipient combinations: BALB/c-anti~(BALB/c x
DBA/2)F1, BALB/c~anti-DBA/2, and C3H/He~anti-AKR/J. It was found

that elimination of T2 cells by ATS treatment completely prevented
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the anti-Mls DTH response. After depletion of Tl cells by
preparing LNS T2 cells, on the other hand, a dose dependent
DTH response was found (Fig. 1). So, T2 cells can mediate
anti-Mls DTH responses, whereas Tl cells, at least when tested

in a dose of 108 ATS spleen cells, cannot.

DONCR IRR. RECIPIENT CHALLENGE % SPECIFIC INCREASE FOOT THICKNESS
PLNS eq.  BALB/c  (BALB/c x DBA/2)F, DBA/2 =
172 LNS eq. BALB/c  (BALB/c x DBA/2)F, DBA/Z —F
176 LNS eq. BALB/c  (BALB/c x DBA/F, DBA/2 F
1B LNS eq. BALE/c  (BALE/c x DBA/2)F,  DBA/Z [k
108 aTs BALB/c  {BALB/c x DBA/D)F, DBA/2 I3
9 20 4o

Fig. 1. Dependence of anti-Mls® GvH-related DTH reactivity on

T2 cells. GvH reactions were elicited by transplantation of BALB/c
lymphoid cells into lethally irradiated (BALB/c x DBA/Z)Fl mice.

Tl cells were obtained from the spleen (SPL) of ATS-treated BALB/c
mice. Lymph node seeking (LNS5) T2 cells were made in BALB/c mice
according to the method of Tigelaar and Asofsky (10). Irradiated
(BALB/c x DBA/2)Fl mice,were inoculated with either different numbers
of LNS cells or with 10° ATS-treated spleen cells., Anti-DBA/2 DTH
reactivity was determined 4 days after reconstitution. Horizontal
bars represent 1 SEM (n=6).

Cooperation between Tl and T2 cells in the development of anti-Mls

DTH

To investigate whether the putative Tl and T2 cells have an
additive or synergistic activity in the development of anti-Mls
DTH, BALB/c cell suspensions containing Tl cells (ATS spleen cells)
and T2 cells (LNS cells) were transferred either alone or together

into lethally irradiated (BALB/c x DBA/2)FI recipients. It was found
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Fig., 2. Anti-DBA/2 DTH response by spleen cells from lethally irra-
diated (BALB/c x DBA/2)Fl (upper part) and DBA/2 (lower part) mice,
reconstituted with spleen cells from NRS or ATS—treated BALB/c mice
and/or }/4 or 1/8 BALB/c LNS equivalent. Anti-DBA/2 DTH reactivity
was determined 4 days after reconstitution. Horizontal bars represent
1 SEM (n=6).

8

that 10 ATS~treated spleen cells did not display anti-Mls DTH

reactivity, in contrast to 108 NRS~treated spleen cells (Fig. 2,

upper part}. Inoculation of irrvadiated (BALB/c x DBA/2)F] recipients

with 1/8 or 1/4 LNS equivalent resulted in marginal anti-Mls DTH

reactivitiy. However, inoculation of lethally irradiated (BALB/c

x DBA/2)Fl mice with 10

8 ATS spleen cells as well as 1/8 or i/4 LNS

equivalent resulted in a much higher anti-Mls response than the sum

of

the responses generated by both cell populations separately.

To prevent any possible involvement of hybrid histocom-

patibility antigens (11,12) in the elicitation of the anti-host
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DTH, we also used DBA/2 recipients. Also in this case inoculation
of either ATS spleen cells or 1/4 LNS equivalent was found to
cause only a minimal anti-Mls DTH reactivity, whereas injection of
lO8 ATS spleen cells as well as 1/4 LNS equivalent resulted
in a clear synergistic anti-Mls DTH response (Fié. 2, lower
part). A similar synergistic anti-Mis DTH respense was observed

8

after transplantation of 10° C3H/He ATS spleen cells and 1/2

C3H/He LNS equivalent (Fig. 3).

INOCULUM § SPECIFIC INCREASE FOOT THICKNESS
10% NRS SPL _ -

3
107 ATS SPL (T ) [H

PLNS eq. (T,) [
10® ATS + 4 LNS eq. Tty L R

T 7 T

0 10 20

Fig. 3. Anti-AKR DTH response by spleen cells from lethally
irradiated AKR mice, reconstituted with spleen cells from NRS

or ATS-treated C3H/He mice and/or 1/2 C3H/He LNS equivalent. Anti-
AKR DTH reactivity was determined 6 days after reconstitution.
Horizontal bars represent ]} SEM (n=6).

Evidence that putative Tl and T2 cells are indeed T cells

To investigate whether the putative Tl and T2 cells are indeed
T cells, anti~Thy-1.2 treatment in vitro was used for their
selective elimination. This was done using the BALB/c-(BALB/c
% DBA/2)Fl combination. Anti-Thy-1.2 treatment of spleen cells from
NRS~treated or ATS-treated mice and anti-Thy-1.2 treatment cf

LNS celis completely prevented the anti-Mls DTH reactivity by these
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cell populations. This shows that the responses normally mediated

by these cell populations rely on T cells. Anti-Thy-1.2 treatment

of either ATS spleen ecells or LNS cells and subsequent transfer in
combination with untreated LNS cells and ATS spleen cells, respec—
tively, prevented a synergistic anti-Mls DTH response by the combined
cell populations (Fig. 4). Therefore, both putative Tl and T2 cells

are veal T cells.

INOCULUM % SPECIFIC INCREASE FOOT THICKNESS
108 NRS (BSS) | — 1

10° NRS (anti-Thy 1.2) [} -

10® ATS (85S) ~{]

1 LNS eq. {BSS} T+

i LNS eq. {anti-Thy 1.2) I—l

103 ATS (BSS) + & LNS eqg. (BSS) 1

10° ATS (anti-Thy 1.2) + § LNS eq. (BSS) [}

10® ATS (BSS) + 1 LNS eq. {anti-Thy 1.2) +{]

Fig. 4. Anti-DBA/2 DTH response by spleen cells from lethally
irradiated (BALB/c x DBA/2)Fl mice, inoculated with spleen
cells from NRS or ATS-treated BALB/c mice and/or 1/4 BALB/c LXS
equivalent. Between brackets the in vitro pretreatment of the
inocula. Anti-DBA/2 DTH reactivity was determined 4 days after

irradiation and reconstitution. Horizontal bars represent 1 SEM
{n=6).

Lyt-phenotype of Tl and T2 cells synergizing in the development

of anti-Mls DTH

In order to investigate the Lyt phenotype of the Tl and T2
cells, anti-Lyt-l and anti-Lyt-2 treatment in vitro was used for
selective elimination of Lyt-1+ and Lyt-2+ cells. This was domne

in the C3H/He-AKR combination.
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Pretreatment of spleen cells from ATS-treated mice with anti-Lyt-1.1
or anti-Lyt-2 antibodies in vitro before combining them with
untreated LNS cells, prevented the synergistic anti~MLs DTH response
by both cell populations in GvH (Fig. 5). On the other hand, when
LNS cells were pretreated with monoclonal anti-Lyt-1.l1 or anti-Lyt-2
antibodies jn vitro before combining these cells with spleen cells
from A7S~treated mice only the pretreatment with anti-Lyt-1.1
antibodies appeared to prevent the synergism. These results indicate
that the Tl cells have the Lyt-1+2+ phenotype, while the T2 cells

have the Lyt-]+2- phenotype.

INOCULUM % SPECIFIC INCREASE FOOT THICKNESS
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Fig. 5. Anti-AKR DTH response by spleen cells from lethally
irradiated AKR mice, reconstituted with spleen cells from NRS

or ATS~-treated C3H/He mice and/or 1/2 C3H/He LNS equivalent.
Between brackets the in vitro pretreatment of the inccula. Anti-AKR
DTH reactivity was determined 6 days after irradiation and
reconstitution. Horizontal bars represent 1 SEM (n=6).

Lyt-phenotype of T] and T2 cells synergizing in the development

of anti-H-2 DTH

In a previcus paper we have shown that for maximal anti-host
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DTH reactivity in H-Z incompatible donor-recipient combinations both
T1 and T2 cells are required. It was demonstrated that the Tl cells
were activated by the host H-2K/D alloantigens and the T2 cells

by H~-2I allcantigens (3). In order to compare the Lyt-phenotype of
the T cells synergizing in the anti-Mls DTH respomse with that of

the T cells synergizing in the GvH related anti-H-2 DTH response, we
also determined the Lyt-phenotype of the Tl and T2 cells involved

in the latter. Thus, spleen cells from ATS-treated DBA/Z mice and

LNS cells of DBA/2 origin were incubated with monoclonal anti-Lyt-1.1
or anti-Lyt-2 antibodies ir vitro before combining them with untreated
LNS cells and untreated ATS spleen cells, respectively, to recon-
stitute lethally irradiated AKR recipient mice. Fig. 6 shows that
treatment of the Tl cells with either anti-Lyt=-]l.l or anti-Lyt-2
prevented the synergism which normally occurs after combining Tl and
T2 cells.

Treatment of the T2 cells with anti-Lyt=~1.1 similarly prevented the
synergism, whereas treatment with anti-Lyt-2 did not. Thus, also in
this instance Tl cells have the Lyt-1+2+ phenotype and T2 cells the

Lyt-1+2- phenotype.
DISCUSSION

This study shows that optimal development of GvH-related
anti-Mls reactivity requires short-lived, sessile Lyt-l+2+ Tl
cells as well as long-lived, recirculating Lyt-1+2- T2 cells
(Figs. 2, 3 and 5). This cellular cooperation between both T cell
subpopulations results in a much stronger anti-Mls DTH response

than the sum of the responses by both cell populations separately.
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Fig. 6., Anti-AKR DTH response by spleen cells from lethally
irradiated AKR mice, reconstituted with spleen cells from NRS or
ATS-treated DBA/2 mice and/or 1/2 BBA/2 LNS equivalent. Between
brackets the in vitro pretreatment of the inocula. Anti-AKR DTH
reactivity was determined 5 days after irradiation and
reconstitution. Horizontal bars represent 1 SEM (n=6).

Elimination of T2 cells by in vivo treatment with ATS
completely prevented the development of anti-Mls DTH reactivity,
even when large numbers of allogeneic Tl cells were used for trans-—
plantation. The same was found in acute and delayed GvH reactions
across complete H-2 differences. Elimination of T2 cells by ATS
treatment of donors of spleen or bone marrow cells also prevented
anti-host DTH reactivity in lethally irradiated H-2 incompatible
recipients (3,8). Under these conditions also synergism between
Tl and T2 cells cccurs (3). In BH-2 incompatible donor-recipient
combirnations T2 cells are activated by antigens encoded by the
H-21 region of the H-2 complex and differentiate into the anti-host
DTH effector T cells (3). T1 cells, on the other hand, are activated

by H-2K/D region coded antigens and amplify the response by the
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T2 cells, but are by themselves incapable of mounting anti-host DTH
reactivity. In a previous paper we have presented evidence that DTH
effector T cells generated in GvH reactions due to H-2 compatible

but Mls-locus incompatible donor-recipient combinations are directed
towards the Mls antigens themselves {(5). The present paper shows that

these DTH effector T cells must be the progeny of T2 cells.

The analogy with GvH-related DTH towards a complete H-Z haplotype,
where Tl cells react to H-2K/D antigens (3), lead us to speculate
that in the T1-T2 synergistic DTH response to Mls antigens the T1
cells are activated by other non-H-2 alloantigens than those encoded
by the Mls~locus.

GvH reactions are not the only condition that Tl and T2 cells
synergize. Muirhead and Cudkowicz (13) described a synergistic
activity of Tl and T2 cells in the formation of anti-hapten
antibodies. The helper effect was mediated by T2 cells. This
response was enhanced by the Tl amplifier cells (13). Feldman
and Erb (14) showed that mixtures of Tl and T2 cells were also
synergistic in the anti-TNP-KLH antibody respomnse in vitro (l4).

The Lyt phenotypes of T lymphocytes involved in the in vitro
generatjon of helper activity for the antibody respense to TNP-KLH
have been identified: the precursors of the helper T cells were
found to be Lyt—l+2“3_. The amplifier cells, on the cother hand,
appeared to have the Lyt—123+ phenotype (15). The Lyt phenotype of
the Tl and T2 cells involved in the synergistic anti~host DTH response
during GvH appeared to be the same as that of the Tl and T2 cells
synergizing in the in vitro antibody response. In the H-2 and non-H-2

incompatible, but Mls compatible, DBA/2-AKR combination (Fig. 6) as
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well as in the H-2 compatible, but Mls incompatible, C3H-AKR combina~
tion {Fig. 5) the Tl cells appeared to have the Lyt-1+2+ phenotype
and the TZ cells the Lyt-1+2- phenotype. The apparently identical
(Lyt—~1+2~) phenotype for precursors of helper T cells and DTH
reactive T cells is in harmony with our previous studies with
cloned helper T cells suggesting that helper activity and DTH reac-
tivity can be mediated by the same T cells (16).

Presumably there are two separate lines of intrathymic diffe-
rentiation: one line which expresses Lyt-1, but not Lyt-23
antigens, and another which expresses all these three Lyt antigens
during differentiation (17,18). A part of the population of Lyt-123+
T cells is depleted by adult thymectomy and corresponds to the sub-
population of T1 cells (19), the remainder belonging to the T2
subpopulation (20). The Lyt-1+2- population of T cells is resistant
to adult thymectomy {15) and thus corresponds to the subpopulation of
T2 cells, These cells are capable of displaying helper activity
(15,16) and DTH (21).

Ré1linghof and Wagner (22) have shown that the generation
of cytotoxic T lymphocytes against allogeneic fibroblasts and
allogeneic UV-light irradiated spleen cells can be considerably
amplified by the addition of third party cells, which are H~-2
identical with the responder cells, but different with regard
to Mls-locus coded lymphocyte activating determinants (LADs).
They conclude that LADs encoded by the Mls locus can substitute
for H-21 region incompatibility, thereby strengthening the 'two
signal' hypothesis proposed by Baeh et al. (23) and the analogy

between GvH-related DTH towards H-2I (3) and Mls-locus coded
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antigens. Furthermore, no cytotoxic lymphocytes are generated
against Mls-locus coded antigens (24), which thus resemble the
H~21 region. However, when using the congenic mouse strain
BALB.D2.Ma (szd; Mlsa) a strong cytotoxic T cell activity was
detected after preimmunization with BALB/c (Mlsb) lymphocytes

and subsequent restimulation in vitro., No cytotoxic activity
could be detected in the reverse direction {(i.e., Mlsb anti Mls®)
although it is in this direction that MLR-reactivity is induced
(25).

Alleles of the Mls-locus can induce a variety of immune
responses: MLR, cytotoxic responses, GvH, transplant rejection and
helper and suppressor effects (26-29). Furthermore, synergy between
T cell subpopulaticns, which previously has been shown in GvH-related
DTH to H-2 alloantigens, now also appears to take place in the
response to Mls-locus coded antigens. Taken together this data
further supports the notion that the Mls-locus of the mouse codes
for antigens that are able to induce similar activities as the major

histocompatibility complex.
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ABSTRACT

Subcutanecus (sc) immunization of mice with H-2K, I or D incom-
patible spleen cells induces a state of host-versus-graft (HvG)
delayed-type hypersensitivity {(DTH}. The DTH reaction is elicited
by challenging the immunized mice in a hind foot with similar allo-
geneic spleen cells, and is measured as the subsequent foot swelling.
DTH effector T cells specific for H-21 coded allcantigens, but not
for H-2K/D coded alloantigens, can be induced in a Graft-versus-Host
{(GvH) model as well. In this paper we report that under HvG as well
as under GvH conditions the recognition of class IT antigens by DTH
effector T cells is restricted by class I molecules. Furthermore,

DTH effector ¥ cells induced by sc immunization with class I antigens

appear to be restricted by class IT molecules.
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INTRODUCTION

Since the original observation of Zinkernagel and Doherty (1974)
that T lymphocytes from lymphocytic choriomeningitis virus (LCMV)-~
infected mice lysed LCMV-infected target cells only if they expressed
the same H-2 haplotype as the donor of the effector cells, many data
have been gathered concerning major histocompatibility complex (MHC)
restricted immune responses. In several other viral svstems,
restricted recognition of infected target cells has been shown
(Gardner et al., 1974; Koszinowski and Thomssen, 1975; Uoherty et
al., 1976). In some cof these systems the H-2 subregion involved in
the MHC restriction was identified, e.g., B-2K and/or H-2D were found
to be the restriction elements for LCMV-specific cytotoxic T
lympheocytes (Zinkernagel and Doherty, 1975). The cytotoxic response
to trinitrophenyl-mcdified syngeneic cells (Shearer et al., 1975) as
well as the cytotoxic respomse to miner histocompatibility (H)
antigens {(Bevan, 1975) was alsc found to be restricted by products
coded for by the E-2K and/or H-2D subregions.

The in vivo relevance of the phenomenon of H-2 restriction
has also been shown. DTH reactions against virus-infected cells were
H-2K/D restricted (Zinkernagel, 1976) and DTH against Listeria mono-
cytogenes was found to be restricted by H-2T coded molecules
(Zinkernagel et al., 1977). Furthermore, transfer of DTH effector
T cells specifie for fowl-p-globulin appeared to be H-2T]A restricted
(Miiller et al., 1975}, while H-2K, I or D subregion coded molecules
functioned equally well as restriction element in the dinitrofluoro-

benzene induced DTH response (Miller et al., 1975; Vadas et al.,1977).
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DTH reactivity can alsc be induced by H-2 and minor H antigens.
DTH effecter T cells specific for minor H antigens appeared to be
H-2K/D restricted (Smith and Miller, 1979; Van der Kwast, 1980).
Restricted recognition of minor H antigens in vivo was also shown
by Korngold and Sprent (1981, 1982) in a GvH mortality assay.

Most literature data indicate that recognition of H-2
alloantigens is an exception to the general rules of H-2 restricted
recognition of antigen by T cells (Klein et al., 1977; Smith and
Miller, 197%; Weiss and Dennert, 1981l; Swain, 1981; Vadas and
Greene, 1981). However, recently a few papers appeared suggesting
that under certain conditions the recognition of H-2 subregion coded
antigens in vitro (Minami and Shreffler, 1981; Rock et al., 1983)
and in vive (Kindred, 1981, 1983a,b) can be restricted by other H-2
coded molecules. In this paper we present data which show that the
recognition of H-2 subregion coded alloantigens by DTH effector T
cells in vivo is H-2 restricted. Using both a Host-versus-Graft
(HvG) and a Graft-versus-Host (GvH) assay, we show that DTH effector
T cells specific fer class II antigens arz restricted in their
antigen recognition by class I molecules, On the other hand, DTH
effector T cells activated in a HvG assay by class I antigens, are

restricted by class II molecules.

MATERTALS AND METHCDS

Mouse strains. B10.A (H~Za) and A.SW (H—ZS) mice were purchased from

the Laboratory Animals Centre of the Erasmus University, Rotterdam,
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The Netherlands. Bl0.AQR (H—Zyl), BiQ.T(6R) (Hwaz), BLO.A(2R)
@E-2"%), B1o.BR (8-2%), 4.7 (8-2"Y) and A.7H (8-25%) mice were
purchased from OLAC Ltd., Bicester, United Kingdom. A.AL (szal) mice
were purchased from YEDA Research and Development Co. Ltd. at the

Weissman Institute of Science, Rehovot, Israel. BLO.BYR (H—Zbyl

) mice
were bred at our own department from breeding pairs kindly provided
by Prof. J. Klein, Max Planck-Institut fiir Biologie, Tubingen,

W.-Germany. The age of the responder mice varied between 10 and 24

weeks. Only female mice were used.

Preparation of cell suspensions. Spleens or lymph nodes were removed,

placed in a balanced salt sclution (BS$S) and squeezed through a nylon
gauze filter to provide a gingle cell suspension. Nucleated cells

were counted with a Coulter Counter Model B.

Irradiation. The recipient mice received 7.5 Gy whele body

X-irradiation, generated in a Philips Miiller MG 300 X-ray machine.

Radiation control mice died within 14 to 21 days.

Host-versus—Graft reactions. Induction of DTH reactivity was done by

subcutanecus (sc) immunization with 1 x lO7 of the appropriate
allogeneic spleen cells, suspended in a volume cof 0.1 ml. A& total
velume of 50 ul of this spleen cell suspension was injected in both

inguinal areas.

Acute Graft-versus—Host reactions. Acute GvH reactions were elicited
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by intravenous (iv)} injection of 2 x lD7 nucleated spleen cells into
lethally irradiated zllogeneic recipients within 4 h after
irradiation, The cells to be injected were suspended in a volume of

0.5 ml BSS.

Assay for delaved type hypersensitivity. The DTH assays for measuring

HvG and GvH immune reactivity have been described in detail in
previous papers {Van der Kwast and Benner, 1978; Wolters and Benner,
1978). HvG DTH responses were elicited by sc injection of a challenge
dose of 2 x 107 allogeneic spleen cells into the dorsum of the right
hind foot, five or six days after the sc immunization in the inguinal
area. The DTH response to this challenge was measured as the
difference in thickness of the hind feet Z4 h later. The specific
increase in foot thickness was calculated as the relative increase in
foot thickness of the immune mice minus the relative increase in foot
thickness of control mice which only received the challenge., The
swelling of these control mice varied between 12 and 20%. For
measuring GvH-related DTH reactivity a number of cells equivalent to
the total cell yield obtained from spleen, inguinal, axillary and
mesenteric lymph nodes from an irradiated and reconstituted mouse was
transferred iv into a normal secondary recipient five days afterx
reconstitution. The secondary recipients were syngeneic to the
original spleen donors. The secondary recipient mice were challenged
into the dorsum of the right hind foot with 2 x 107 spleen cells,
syngeneic with the irradiated recipients. The subsequent DTH response
was measured and calculated as described above for the HvG DTH

response.
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Assay for immune lymphecyte transfer reactivity. The immune

lymphocyte transfer (ILT) reactivity in lymph node cells from
immunized donors, directed against H antigens of a particular
recipient, was determined by sc injection of 5 x 106 of these lymph
node cells into the dorsum of the right hind foot of the recipients
to be tested. The recipients received a sc injection into the left
hind foot consisting of 5 x 106 lymph node cells from non~immune
mice, syngeneic with the immunized donor mice. This latter injection
results in a normal lymphocyte transfer (NLT) reaction. For ILT and
NLT the cells were injected in a volume of 50 ypl. A control group
consisting of recipient mice syngeneic to immunized donor mice was
always included. These mice were similarly injected with immune and
non-immune lymph node cells in the right and left hind feet,
respectively. The thickness of both injected feet was measured as in
the DTH assay. The specific ILT reactivity was calculated as
{ILT~NLT)test-{ILT-NLT)}centrol, and was expressed in lO_me.

RESTRICTED RECOUNITION OF H-2 SUBRECION CODED ANTIGENS [N DTH

RESPONDER  IMMUNIZING IMMUNIZING H-2  CHALLENGE i SPECIFIC INCREASE  SHARED REGIONS
STRAIN CELLS SUBREGCION FOOT THICKNESS OF H-2 COMPLEX
B10.A 810.AQR K B10.AQR m o
B10.A 810.AQR K B0, TI6R} H 2]
810.A a10.F(6R} KI B10_T(4R) " 0
B10.A £10.T{6R) Ki B10.AOR m“" 1D
A10.A B10.AQR K Bl0.AGQR m 1D
810, T{6R) 0
| A I B S
0 0 ug

Fig. 1. H-2 restricted recognition of H-Z2K coded a}loantigens in DTH.
B10.A responder mice were s¢ immunized with 1 x 19 B1C.AQR or
B10.T(6R) spleen cells and challenged with 2 x 10 B10.AQR and/oxr
B10.T(6R) spleen cells 5 days later. DTH responses were measured 24 h
later. Each column represents the mean response = SE (n=6).

'Shared regions of H-2 complex' relates to the responder-challenge
combinations.
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RESTRICTED RECOGNITION OF H-2 SUBRECGION CODED ANTIGENS IN DTH

RESPONDER IMMUNEZING IMRMLINIZING H-2 CHALLENGE 1 SPECIFIC INCREASE SHARED RECIONS
STRAIN CELLS SYBREGION FOOT THICKNESS OF H-2 COMPLEX

B10.TIGR} B10.AGR P E10.AGR | S KD

B10.T(SR) B10.AQR | B16.A(IR] [::]_4

B1U.T(6R) 810.A{IR) K.1.0 B10.A[ 2R} |

B10.T(sR} B10.A(ZR} K.1.D B10.AQR ::j“‘ KD

B1o.T(6R) B10.AQR ] B10.AQR m K[

B10.A{ZR)

Fig. 2. H-2 restricted recognition of H-2T subregion coded
alloan;igens in DTH. B10.T(6R) responder mice were sc immunized with
1 x 10 B107AQR or B10.A(2R) spleen cells and 5 days later challenged
with 2 x 10 Bl0.AQR and/or Bl0,A(2R) spleen cells. See legend to
Fig. 1 for the other details.

This assay, which was criginally developed by Brent et al. (1962}, is
based upon local transfer of 5 x 106 immunized lymphoid cells to
naive recipients, which are either identical or partially jdentical
to the original spleen cell incculum used for immunization. This
transfer is done into the dorsum of a hind foot of naive recipients
five days after sc immunization. The foot swelling of these secondary
recipients was measured 24 h after tramsfer. Fig 3, line 1, shows
that Bl0O.A responder cells, immunized to X incompatible B10.AQR
spleen cells, produced a significant ILT response when transferred

to K incompatible BlO.AQR recipients, but not after transfer to K+I
incompatible B10.T(6R) recipients (Fig. 3, line 2). The same was
found for the A.TL-A.AL-A.TH combination (Fig. 3, lines 3 and &).
Furthermore, when BI1Q.T(6R) responder mice were immunized with T
incompatible B10.AQR spleen cells, and lymphoid cells from these mice

were transferred to I incompatible B10.AQR naive recipients, a clear
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ILT response was found, whereas transfer to K+I+D incompatible B10.BR
recipients did not result in a significant ILY respomnse (Fig. 3,
lines 5 and 6). Moreover, lympheid cells from A.SW mice immunized to
D alleoantigens from A.TH mice, transferred te D incompatible A.TH
naive recipients, produced a significant ILT response, whereas after
transfer to I+D incompatible A.TL naive recipients a much lower ILT

response was found (Fig. 3, lines 7 and 8).

RESTRICTED RECOGNITION OF H-2 SUBRECION CODED ANTIGENS BY DTH REACTIVE T CELLS IN THE
LYMPHOCYTE TRANSFER ASSAY

H&MUNIZING IMMUNIZED IMMUNIZING H-2  REGIPIENT RESPONSE SHARED REGIONS
CELLS DONDR STRAIN SUBREGION STRAIN IET-NLT X 10°° MM OF H-2 COMPLEX

B10 AQR B10.A K 210.AQR I+ (1

B10.AGR B10.A K B10.T(6R) i ]

ALTL A.AL K A.TL I 1D

A.TL ALAL K A.TH H D

B10.AGR B10.T{5R) ' B10.AQR I KD

B1l.AQR 810.T(6R} i §10.BR [H

A.TH A.SW o ALTH | K1

A.TH ALSW D ALTL [ K

Fig. 3. H-2 restricted recognition of H-2K, I or D subregion coded
alloantigens by DTH reactive T cells in the immune lymphocyte
transfer (ILT) assay.TBIG.A, A.AL, B10.T(6R) and A.SW mice were
immunized with 1 x 10" BLl0.AQR, A.TL, B10.AGR and A.TH spleen cells,
respectively. Five days later the draining lymph nodes from these
mice were taken out, and cell suspensions were made. A number of

5 x 107 of these cells were transferred intc the right hind foot of
the indicated recipient mice. As a control, the left hind foot was
injected with a similar number of not activated lymph node cells
(NLT). After 24 h the thickness was measured of both hind feet.

The response was calculated as indicated in the Materials and
Methods secticm. -2

The cclumns represent the mean response (ILT-NLT) = SE in 10 “mm
(n=6).
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H-2 restricted recognition of H-2] alloantigens during the expression

of GvH related DTH

Finally, we investigated whether the recognition of H-2 subregion
coded alloantigens under CvH conditions is also restricted by other
H-2 subregion coded molecules. The GvH assay used is based upon iv
transfer of GvH-activated lymphoid cells to secondary recipients,
which are syngeneic with the spleen cell donors used te reconstitute
the irradiated allogeneic recipients, and measurement of their DTH
reactivity., Therefore, after transfer, the secondary recipients are
challenged in the right hind foot with spleen cells syngeneic to the
irradiated primary recipients. The subsequent foot swelling is
determined 24 h after challenge. In this assay, only reactions to
H~21 and Mls-coded alloantigens occur (Wolters and Benner, 1979;
Wolters et al., 198l). For the present studies, Bl0.T(6R) responder
cells were used to reconstitute irradiated I incompatible B10.AQR
mice. Five days later, spleen and lymph node cells from these
irradiated and reconstituted mice were iv transferred to naive
B10.T(6R) secondary recipients. These recipients were subsequently
challenged with either B10.AQR {I incompatible), B10.BR (K+I+D
incompatible), Bl10.A (K+I incompatible} or B10.BYR (I+D incompatible)
spleen cells. When BLQ.AQR spleen cells were used, i.e., when the T
alloantigens were presented in the context of syngeneic K4D
moleculés, a good response occurred (Fig, 4, line 1). However, when
the T alloantigens were presented in the context of foreign K+D, K or
D molecules, much weaker DTH reactions were found (Fig. 4, lines 2,

3 and 4).
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The same phenomenon occurred in the A.TH-A.TL-A.AL combinatiom: when
the T alloantigens were presented to GvH activated DTH effector T
cells in the context of the original syngeneic K+D molecules, a good
response was found (Fig. 3, line 5). However, when these I
alloantigens were presented in combination with foreign K molecules,
no reaction was found {Fig. 3, line 6). Thus, I antigens have to be
presented with syngeneic K+D molecules to ensure optimal GvH-related
DTH reactivity.

RESTRICTED RECOGMNITION OF CLASS Il ANTICENS IN GVM RELATED DTH.

RESPONDER IRRADBATED IMMUNIZING H-2 CHALLENGE & SPECIFIC INCREASE SHARED REGIONS

STRAIN RECIPIENT SUBRECION FOOT THICKNESS OF H-2 COMFLEX
B10.T{6R) B10.AQR I B10-AQR m KD
B10.T{ER] B10.AQR | B10.E8R D
B1g. T(6R} 810.AQR 1 B10.BYR @ K
Big. T{ER) B10.AQR I B10.A m 3]

A.TH ATL I A.TL m KD
A TH A.TL 1 ALAL D_‘ D
| L S S

Fig. 4. H-2 restricted recognition of H-2I coded alloantigens by DTH
reactive cells in a GvH-related DTH assay. Lethally :}rradiated
B10.AGQR and A.TL mice were reconstituted with 2 x 10° spleen cells
from B10.T(6R} and A.TH denors, respectively, Five days later, spleen
and lymph node cells were transferred iv to naive B10.T(6R) and

A.TH secondary recipients, respectivel¥. Immediately after transfer,
these mice were challenged with 2 x 10" B10.AQR, B10.BR, Bl0.BYR,
B10.A, A.TL or A.AL spleen cells, which differ in the indicated H-2
subregions from the BLO.T(6R} and A.TH responder mice. See legend to
Fig. 1 for the other details.
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DISCUSSION

In this paper we report that DTH reactions to H-2 subregion
coded alloantigens are restricted by other H-2 subregioms, i.e.,
reactions to class I (H-2X/D) alloantigens are restricted by class
II (H~21) molecules and reactions to class II alloantigens are
restricted by class I molecules. This can be demonstrated in a Host-
versus-Graft, a local Graft-versus-Host and a systemic Graft-versus-
Host assay. Thus, DTH reactions to MHC subregion coded alloantigens

do not basically differ from DTH reactions to Listeria monocytogenes

(Zinkernagel et al., 1977), lymphocytic choriomeningitis virus
(Zinkernagel et al., 1976), fowl-yp-globulin (Miller et al., 1975},
dinitrofluorcbenzene (Vadas et al., 1977), sheep red blood cells
{Bianchi et al., 1981), and minor histocompatibility antigens
(Van der Kwast, 1980), which all have been shown to be MHC
restricted.

However, there are several reports in which the authors come
to opposite conclusions with regard to the MHC restricted recognition
of H-2 subregion coded alloantigens. Klein et al. (1977) have shown
that cytotoxic lymphocytes, primed in vivo te IA alloantigens and
subsequently restimulated in vitro with the same IA alloantigens,
were able to lyse target cells bearing these IA allecantigens without
a concomitant need for the target cells to bear the same K/D
molecules as the killer T cells. Thus, K/D region compatibility was

not needed for I region specific cell-mediated lymphocytotoxicity.
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In contrast, Kindred (1981, 1983a,b) has shown that T cells from
radiation chimeras cause a lethal GvH reaction in irradiated bone
marrow protected recipients only if the recipient shares a
restriction element with the T cell donecr. In her model, K and D
molecules were found to act as restriction elements in lethal GvH
induced by I coded alloantigens.

Restricted recognition of K and D allecantigens by I molecules
has been investigated by Swain (1981). She has found that primed
helper T cells directed against azllogeneic K + D alloantigens are
not restricted by syngeneic I molecules. However, studies in which
Ia positive cells were eliminated (Minami and Shreffler, 1981) and
Ia blocking studies (Rock et al., 1983) have shown that mixed
lymphocyte responses to class I alloantigens are Ia restricted.

The conclusions from studies on restricted recognition of H-2
alloantigens from different laboratories seem to be mutually
exclusive: the reacticn to H-2 subregion alloantigens is either
restricted or unrestricted. However, one must bear in mind that the
results from Klein et al. (1977) and Swain (1981) were obtained with
assay systems in which secondary type reactions are elicited, while
the studies of Minami and Shreffler {(1981) and Kindred (1981,
1983a,b) deal with primary responses. Moreover, Kindred showed by
using different mouse strain combinations and by using T cells from
normal mice and from radiation chimeras, that different H-21 specific
T cell populations causing lethal GvH exist, which are either K/D
restricted or unrestricted. Thus, it might be that the assay systems
of Klein et al. (1977) and Swain (1981) select for unrestricted T

cells.
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In contrast to our conclusion, Smith and Miller (1979) and Weiss
and Dennert (1981) have stated that H~Z specific DTH effector cells
are unrestricted. These authors have shown that in vivo activated H-2
specific DTH effector T cells and Ia specific T cell lines can express
DTH reactivity after transfer to H-2 incompatible naive recipients.
The allogeneic cells used for elicitation of the DTH response in
their experiments were similar to the allogeneic cells used for
activation of the DIH effector T cells.

Our opinion is that these results do not exclude the possibility
that these responsas were actually H-2 restricted, We shall explain
this in the following hypothetical model (Fig. 5). During the
induction of DTH effector T cells to H-2 subregion coded
alloantigens, these antigens are recognized in the context of other
H-2 molecules on the surface of the same allogeneic cells or, after
processing by antigen-presenting cells (APC), in the context of the
H-2 molecules of the APC. When the injected zlloantigens occur on
cells from which the other H-2 molecules are syngeneic with the
responder mecuse, only synrestricted DTH effector T cells will be
induced. On the other hand, when the particular H-2 alloantigens are
presented on an allogeneic H-2 background, the DTH effector T cells
induced by direct interaction with the allogeneiec cells will be
allorestricted, while the DTH effector T cells induced by alloantigen
processing and presentation by APC will be synrestricted.

Van der Kwast (1980) has shown in studies concerning H-2 res-
tricted recognition of minor H antigens in DTH, that macrophage pro-
cessing of antigen is only important during the induetion of DTH

reactivity and not during the expressicn phase.
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LTH
Reactive "Syn" restricted
Cell

DTH
Reactive
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DTH
Reactive
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Fig. 5. Model for symgeneically and allogeneically H-2 restricted
recognition of H-2 subregion coded allcantigens.

Thus, when H-2 subregion coded alloantigens are presented during the
sc induction of the DTH reactivity on cells which are syngeneic to
the responder mouse strain for the other H-2 molecules, the activated
T cells will not recognize these H-2 subregion coded alleantigens in
combination with other H-2 alloantigens during the expression phase
of DTH (Figs. 1 and 2, line 2)}. However, induction of DTH reactivity
by allogeneic cells incompatible for several H-2 subregions (viz.
Figs. 1 and 2, lines 3 and 4) will lead to activation of two subsets
of DIH reactive T cells, one synrestricted (due to APC-processing)
ané one aljorestricted. Consequently, the mice will respond to a
challenge of these allcantigens on the original allogeneic H-2
background as well as on a syngeneic H-2 background, which is
precisely what we found (Figs. 1 and 2, lines 3 and 4). This model of

generation of 'alle' and 'syn' restricted DTH effector T cells, can

thus explain all the data presented in this paper. Furthermore, it
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can explain the data from Smith and Miller (1979) and Weiss and
Dennert (1981) in that their DTH reactive T cells recognized the H-2

coded alloantigens in an allorestricted manner.
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SUPPRESSION OF ANTIGRAFT IMMUNITY BY PREIMMUNIZATION

1. KINETIC ASPECTS AND SPECIFICITY'

THEoDORUS H. Van pER Kwast,? ANDRE T. J. Biancal, HErmaN Brip, ANc ROBBERT BENNER

Department of Cell Biology and Genetics, Erasmus University. Rotterdam. The Netherlunds

SUMMARY

Intravenous injection of 2,000 rad of irradiated allogeneic
cells can suppress the development of antigraft delayed-type
hypersensitivity (D'TH) to major and miner histocompatibility
{H} antigens which normally arises after s.c. immunization.
Secondary type DTH responses to minor H antigens were also
laxgely suppressed by an iv. injection of irradiated allogeneic
cells 1 week preceding the s.c. priming injection. The extent of
suppression of primary DTH to ailogeneic H-2-incompatible
cells depended on the dose of i.v. injected irradiated cells. After
a dose of 1 % 10° iradiated spleen cells i.v., the suppression
persisted for at least 40 days. Intravenous injection of cells
incompatible for miner H antigens could not suppress the DTH
to H-2 alloantigens and vice versa. Suppression of DTH to H-2
alloantigens was haplotype specific.

Proliferation studies indicated that the immunosuppressed
mice do not respond upon s.c. immunization with an increased
praliferative activity in the draining lymph nodes, in contrast
to nonsuppressed mice,

The data suggest that i.v. preimmunization with allogeneic
cells induces specific suppression of antigraft immunity acting
at the induction stage of the immune respense.

Suppression of immune respensiveness has been demon-
strated in vivo for T helper function (1), DTH (2, D, allograft
rejection (4), graft-versus-host reactivity (5, 6), and in vitre for
mixed lymphocyte reactivity {7, 8 and cell-mediated lymphe-
lysis (9 10}, Suppression may act upon the afferent as well as
upon the efferent limb of the immune response (11, Suppres-
sion of alloreactivity can be antigen specific as well as nonspe-
cific and may be mediated by humoral factors {e.g., antibodies
or antigen-antibody complexes) as well as by T suppressor cells
and macrophages (12, 13).

Irumunization of mice for DTH to alloantigens is highly
dependent on the route of antigen administration. Thus, some
authors demonstrated that iv. or i.p. immunization with allo-
geneie cells induces a poor state of DTH (74, 15}, whereas s.c.
immunization results in a good and stable DTH response to
both major and minor H antigens (15, 16). Similarly, graft
rejection seems to depend on the site of the graft, ie, skin
allografts are more prone to rejection than kidney allografts
(17). Intravenous preimmunization of mice with allogeneic
Iymphoid cells could specifically prolong skin allograft rejection
in a proportion of mice, if they were pretreated with either
antithymocyte sermn and procarbazine hydrochloride vaccine
or ¢yclophosphamide (4, 18, 19). In the former model it was

“This work was supported by a grant of the Nier Stichting Neder-
tand.

* Address correspondence to: Department of Cell Biclogy and Ge-
netics, Erasmus University, P.O. Box 1738, Retterdam, The Nether-
lands.

shown that T suppressor cells were present in mice which
carried a skin allograft for a long time.

In experiments on DTH to hapten-modified syngeneic cells
and on contact sensitivity to haptens, it was demonstrated that
Lv. injection of hapten-modified cells to mice could inhibit the
development of DTH after subsequent s.c. immunization or
skin painting with the specific antigen (20, 21).

This paper deals with the suppressive effect of Lv. preim-
munization with allogeneic lymphoid cells on allograft immu-
nity to major and minor H antigens as determined with the
DTH assay. The kinetics, specificity, and mode of action of
suppression was investigated.

MATERIALS AND METHODS

Animals. (C5TBL/RIj X CBA/RIjF, (-2, BALB/c (H-
29, DBA/2 (H-27), C3H/Lw (H-2%), and AKR (H-2") mice
were purchased from the Radiobiological Institute TNO,
Rijswijk, The Netherlands. C3H{ (4-2°}, B10.A (H-2%), and
A.SW [ H-27) mice were purchased from the Laboratory Animal
Centre of Erasmus University, Rotterdam, The Netherlands.
B10.G (H-2%), BALB.K (H-2"}, and BALB.B (H-2*) mice were
purchased from OLAC Ltd,, Bicester, United Kingdom. Swiss
{FF-2% and B10.8¢Sn (H-2") mice were purchased from the
Central Institute for the Breeding of Laboratory Animals, TNO,
Zeist, The Netherlands. CWB (H-2") mice were obtained from
the Institut fiir Biologisch-Medizinische Forschung AG, Fiil-
lingsdorf, Switzerland. The age of the responder mice varied
between 12 and 24 weeks. All mice used were females.

Preparation of cell suspensions. Spleens and lymph nodes
were removed, placed in a balanced salt solution, and squeezed
through a nylon gauze filter to provide a single-cell suspension.
Nucleated cells were counted with a Coulter Counter model B.

Antigen and immunization. Primary and secondary immu-
nization were performed with the appropriaze allogeneic spleen
cells, suspended in a volume of 0.1 ml. The priming and boosting
dose was always 1 % 107 spleen cells. These cells were injected
s.c., equally distributed over both inguinal areas. In a previous
paper, it was shown that this dose induces maximal DTH
responses in primary and secondary DTH to H-2 and non-H-2
alloantigens. [n primary DTH to minor H antigens, peak DTH
reactivity is generally found on day 5 after immunization (16).
Suppressive injections of allogeneic cells suspended in a volume
of 0.5 mi of balanced salt solution were given i.v, in doses as
stated in the experiments. Immediately before the i.v. injection,
the cell suspensions were iradiated in vitro with 2,000 rad,
generated in a Phillips-Miiller MG 300 X-ray machine as de-
scribed in detadl previcusly {223

Estimation of cell proliferation in vivo. For estimation of the
cell proliferation in inguinal lymph nodes, the method described
by North et al. (23} was used. Briefly, at varying intervals after
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s.c. immunizatien with 1 % 107 allogeneic spleen cells, the mice
were given iv. injections of 20 pe of [methyl-"H]thymidine
{specific activity, 5 ¢/mm}. Thirty minutes later their inguinal
lymph nodes were taken out and suspended in 5% ice cold
trichloroacetic acid. Each cell suspension was extracted twice
for 1 hr with 20 m! of cold 5% trichloroacetic acid. Thereafter,
the suspension was extracted in 6 ml of 5% trichloroacetic acid
at 90 C for 1 hr. After cooling, 1 ml of the supernatant was
added to 9 ml of scintillant consisting of 3 ml of Triton X-100
and 6 ml of toluene containing 4 mg of PPC per liter, and
counted in a liguid scintillation counter (Packard model 3375},
Radicactivity was corrected for background and quenching, and
expressed as cpm. Background activity was 30 to 35 cpm.

Assay for DTH. DTH reactions were determined by measur-
ing the difference in thickness of the hind feet 24 hr after s.c.
injection of 8 X 10” spleen cells into the instep of the right hind
leg. The challenge dose was administered s.c. in a volume of 20
i1 by means of a 28-gauge needle. The thickness of the left and
right hind feet was measured with a footpad meter with a 0.05-
mm accuracy. During measurement the mice were anesthetized
with ether.

A control group consisting of nonimmune mice challenged
with the same number of spleen cells as the mice to be tested
was always included. The specific increase in foot thickness was
calculated as the relative increase in foot thickness of the
immune mice minus the relative increase in foot thickness of
the control mice. The swelling in control mice ranged between
18 and 26%.

RESULTS

Suppression of the capacity of DTH reactivity by Luv. infec-
tion of allogeneic spleen cells. The influence of i.v. injection of
aliogeneic spleen cells upon subsequent induction of DTH
reactivity by s.c. immunization with spleen cells from the same
donor strain was investigated. Groups of (C57BL x CBA)F,
mice were given iv. injections of either 1 x 107 of 2.000 rad of
irradiated allogeneic H-2-incompatible BALB/c spleen cells or
of the same number of syngeneic spleen cells. For comparisen,
groups of {CS7TBL % CBA}F, mice were given s.c. Injections of
1 X 107 irradiated BALB/c or (C57BL X CBA)F, spleen cells.
Seven days later all mice were immunized with 1 x 107
BALB/c spleen cells s.c. and another 6 days later a challenge
injection of BALB/c spleen cells was given. At 24 hr the DTH
reactivity was determined. It seemed that i.v. preimmunization
with irradiated BALB/c spleen cells caused a significant im-
munosuppression of DTH reactivity, whereas no suppression
was found in the other groups of mice {Table 1). The extent of
suppression of DTH induced by i.v. preimmunization was not
affected by the age of the responder mice used (data not shown).

TaRLE 1. Preimmunization with allogenaic cells

Preimmunization”

% speciﬁ'f.:
Inoculurn Route Increase
{C57BL % CBAF, 8.C. 28+ 1
BALB/c ERR 2+2
(CS7HL % CBAF, Lv. 25 %2
BALB/c iv. 5=+3

" {C57BL % CBA}¥: mice were given i.v. or s.c. injections of 1 X 107
brradiated syngeneic or H-2-incompatible allogeneic BALB/c spleen
cells. Seven days later all mice were immunized sc. with 1 x 107
BALB/c cells and challenged another & days later.

* Mean responses = 1 SE {(n = 5).
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The determination of the optimal dose of i.v. injected spleen
cells was done with different groups of (Co7BL x CBAJF, mice
that were injected with 10, 10°, 10, or 107 irradiated BALB/c
or (C57BL x CBA)F, spleen cells. Seven days later all mice
were immunized s.c. with 1 x 107 BALB/¢ spleen cells and
tested for DTH again 6 days later. The immunosuppression
appeared to be dose dependent and maximal when induced by
1 x 107 ar more irradiated allogeneic spleen cells (Fig. 1A).

The optimal dose of Lv. injected spleen cells was also deter-
mined in 2 combination differing for minor H antigens only. For
this purpose Swiss mice were given Lv. injections of 1 % 10", 3
X 10% 1 x 107,03 % 107, or 1 x 10" irradiated A.SW or Swiss
spleen cells, s.c. immunized with 1 X 10" A.SW spleen celle 7
days later, and tested for anti-A.8W DTH reactivity again 5

*. specifit incregse
foot thickmess
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FioURE 1. Determination of the optimal dose of L.v. injected spleen
celis for suppression of DTH reactivity to zllogeneic spleen cells. A:
{C57BL x CBAJF, mice were given injections of 1 X 10%, 1 X 10° 1 x
108, or 1 % 107 irradiated BALB/c (@) or {C57BL x CBAIF, spleen
celis (0). Seven days later all mice were s.¢. immunized with 1 X 10
BALB/c spleen cells, and another 6 days later tested for DTH. B: Swiss
mice were given injections of I x 10°, 3 % 107, 1 X 10°, 3 X 107, er 1 %
107 irradiated A.SW (@) or Swiss spleen cells {O). Seven days later all
mice were immunized s.c. with 1 X 10" A.8W apleen cells, and another
5 davs later tested for DTH. Each experimental group represents the
arithmetic mean + 1 SE (n = 5).
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days later. Also, in this combination iv. preimmunization by 1
% 107 or more irradiated aliogeneic spleen cells induced maximal
suppression {Fig. 1B} The same result was obtained with
DBA/2 responder mice immunized with BALB/c spleen cells,
another combination only differing for minor H antigens (data
not shown).

Effeet of Lv. preimmunization upon the kinetics of the DTH
regctivity. To assess the suppressive effect of Lv. prelmmuni-
zation upon the Kinetics of the DTH response to H-2-incom-
patible allogeneic cells, groups of (C5TBL x CBA}F, mice were
given i.v. injections of either 1 X 107 irradiated BALB/c or i
x 107 irradiated {C57BL x CBAYF, spleen celis. Seven days
later all mice were sc. immunized with 1 % 107 normal
BALB/c spleen cells and challenged on day 1, 3, 5, §, 8, or 15
after immunization, The immunosuppressed group of mice did
not show significant DTH reactivity at any of the tested time
points. The nonsuppreszed mice reached peak levels of antigraft
[YTH reactivity between days & and 6 after immunization {Fig.
2). The same results were obtained in a similar set up with
another strain combination, in which C3Hf mice were immu-
nized with C57BL/Rij spleen cells (data not shown),

Time course of the immunosuppression induced by io.
preimmunization. The duration of the suppressive effect in-
duced by i.v. injection of irradiated allogeneic spleen cells was
investigated in the combination of BALB/c (H-2%) and
BALB.K (H-2") mice, which have distinct -2 hagplotypes, and
in the combination of C3H/Lw (H-2%) and AKR (H-2%) mice,
which only differ for minor H antigens.

Groups of BALB/c mice were given i.v. injections of 1 X 107
irradiated BALB.K or BALB/c spleen cells on days —43, —23,
—16, —7, and —3. On day 0 groups of these mice were s.c.
immunized with BALB.K spleen cells, and on day 6 ali mice
were challenged. It seemed that the suppression of DTH reac-
tivity by Lv. preimmunization lasted for at least 43 days (Fig.
3A). The data tend to indicate that the suppression slightly
diminished in course of time.

For the suppression of DTH to non-H-2 alicantigens,
C3H/Lw mice were given Lv. injections of 1 X 107 irradiated

%l specific in¢rease
foot thickness

40—

304

T
i

AKR or C3H/Lw spleen cells on days ~41, —27, ~14, —8, and
—5. On day @ groups of these mice were s.c. immunized with
AKR spleen cells, and on day 3 all mice were challenged, It was
found that the suppression did not diminish during the experi-
mental period of 41 days (Fig. 3B).

Effect of Lv. preimmunization upon the secondary DTH
response to non-H-2 alloantigens. To investigare whether 1.v.
preimmunization could also lead te suppression of secondary
type DTH reactivity to minor H antigens, groups of [3BA/2
mice were given lLv. injecticns of irradiated H-2-campatible
allogeneic BALB/c spleen cells or syngeneic DBA/2 spleen
cells. Seven days later all mice were s.c. immunized with 1 %
10" BALB/c spleen cells and boosted with similar cells § weeks
later. Three, 5. and 7 days after the booster immunization. all
mice were challenged to measure the secondary DTH reactivity.
Primary D'TH reactivity was determined as well on days 3, 5.
and 7 after immunization. BALB/e mice that were given iv.
injections of irradiated syngeneic spleen cells showed a clear
secondary type DTH response to the DBA/2 minor H antigens,
in contrast to the BALB/c mice prelmmunized with irradiated
DBA/? cells {Fig. 4). Thus, secondary type DTH reactivity to
miner H antigens was largely suppressed in the mice that
received an Lv. injection of allogenic irradiated cells 1 week
before s.c. priming.

Specificity of suppression of DTH te H-2 and minor H-
incompatible spleen cells. Different groups of BALB/c (H.2%
mice were given Lv. injections of either 1 x 10" irradiated H-2-
incompatible BALB.K (H#-2%), 1 x 10" minor H-incompatible
DBA/SZ (H-2%, or1 x 10" syngeneic BALB/c spleen cells. Seven
days later ali mice were s.c. itnrmunized with BALB.K or DBA/
2 spleen cells and challenged with similar cells another 6 days
later. Intravenous preimmunization with the H-2-incompatible
BALB.K cells did not interfere with the development of DTH
after s.c. injection with minor H-incompatible DBA/2 spleen
cells. :

Similarly, i.v. preimmunization with DBA/2 cells did not
significantly affect the anti-BALB.K DTH reactivity. Suppres-
sion of antl-BALB.K or anti-DBA/2 D'TH reactivity only oc-

FicuRre 2. Effect of i.v. preimmuniza-
tion upon the kineties of the DTH reac-
tivity to allogeneic spleen cells. (C37BL
x CBAJF, mice were given i.v. injections
of I x 107 irradiated BALB/c (@) or
(C57BL x CBA)F, spleen cells (O).
Seven days later ali mice were s.c. im-
munized with I x 107 BALB/c spleen
cells, and challenged on day 1, 3, 5, 6, 8,
or 15 after immunization. Each experi-
mental group represents the arithmetic
mean = 1 8E in = 5.

T T T T T
4 g 2

days after immunization
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FicuRe 3. Time course of the immunosuppression induced by Lv.
preimmunization. A: Groups of BALB/c mice were given 1L.v. injections
of 1 x 1 irradiated BALB.K (@) or BALB/c spleen cells (O} on days
~43, —23, —18, =7, and —3. On day 0, groups of these mice were s.¢.
immunized with BALB.K spleen cells, and on day 6 all mice were
challenged. B: Groups of C3H/Lw mice were given iv, injections of 1
x 10 irradiated AKR (@) or C3H/Lw spleen cells () on days —41,
~27, —14, —8, and -3, On day 0, groups of these mice were s.c.
immunized with AKR spleen cells, and on day § all mice were chal-
lenged. Each experimental point represents the arithmetic mean = I
SE tn =5}

curred when the L.v. and s.c. injections were done with identical
spleen cells (Fig. 5).

Similar experiments were done with B10.8¢Sn (H-2%) re-
sponder mice given i.v. and s.c. injections of either H-2-incom-
patible B10.G (H-2%} spleen cells or minor H-incompatibie
spleen cells. These experiments also revealed that suppression
of anti-B10.G or anti-BALB.B DTH reactivity only occurred
when the iv. and s.c. injections were done with identical spleen
cells (Fig. 5). The same results were obtained in a similar
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protoeol with C3H/Lw (H-2%) responder mice, CWB (H-2"%
spleen cells, and AKR {H-2*) spleen cells (Fig. a).

Specificity of suppression of DTH to H-2 alloantigens. After
having established that it is impossible to suppress the induc-
tion of DTH reactivity to H-2-incompatible cells by i.v. preim-
munization with minor H-incompatible spleen cells and vice
versa, we investigated whether or not the suppression of the
TYTH reaction to H-2 alloantigens is haplotype specific. There-
fore, groups of BALB/c (H-2%) mice were given iv. injections
of either } % 107 irradiated H-2-incompatible BALB.K (H-2%),
1% 19" H-2-incompatible BALB/B (H-2"), or 1 X 10" syngeneic
BALB/c spleen cells. Seven days later all of these mice and a
group of BALB/c mice that had not been preimmunized were
s.c. immunized with 1 % 10° BALB.K or 1 x 10° BALB.B spleen
cells. Another six days later the mice were challenged with
similar spleen cells as used for the s.c. immunization. Significant
suppression was only found in the groups of BALB/¢ mice
given iv. and s.c. injections of H-2-incompatible cells of the
same haplotype (Fig. 6).

According to the same protocel, B10.5¢Sn (H-2" mice were
given 1Lv. injections of either B10.A (H-2"), B10.G (H-Z), or
H10.8c8n (H-2°) spleen cells. Seven days later all of these mice
and a control group of untreated B10.ScSn mice were s.c.
immunized with H10.4 spleen cells. Another six days later all

*h spec:fic Increase
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FicURE 4. Effect of i.v. preimmunization upon the secondary DTH
response to non-H-2 alloantigens. Groups of DBA/2 mice were given
i.v. injections of 1 X 107 irradiated BALB/c (®) or DBA/2 spleen celis
(O} Seven days later all mice were s.c. immunized with 1 x 0"
BALB/c spleen cells, and another & weeks later boosted with similar
cells. Three, 5, and 7 days after booster immunization, different groups
of mice were challenged with BALB/c spleen cells to measure the
secondary D'TH reactivity to these cells. Primary anti-BALB/c DTH
reactivity (C) was determined as well on days 3, 5, and 7 after immu-
pization. Each experimental point represents the arithmetic mean = 1
SE {n = 5.
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FIGURE 8. Specificity of i.v. induced suppression for different H-2 hapiotypes. Responder mice were given i.v. injections of 1 X 10 irradiated
allogeneic or syngeneic spleen cells and s.c. immunized with I X 107 allogeneic spleen cells 7 days later. Challenge for DTH was performed on day
5 after s.c. immunization. Each column represents the mean response + 1 SE of five mice.

mice were challenged with B10.A cells. Again, suppression
. seemed to be specific for the H-2 haplotype of the Lv. injected
cells. Thus, the DTH reactivity to B10.A spleen cells could only
be suppressed by iv. preimmunization with B10.A cells {Fig.
6.
Proliferative activity in lymph nodes of immunosuppressed

mice after s.c. immunization. Groups of {C67BL x CBA)F,

mice (H-2%9) were given i.v. injections of either 1 X 107 irradi-
ated H-2- and minor H-incompatible BALB/c (H-2% or syn-
geneic (C57BL x CBA)F, spleen cells on day —7. On day 0, the

mice of both groups were s.c. immunized with BALB/c spleen
cells, and on days 3, 4, 6, and 8 the proliferative activity in the
draining inguinal lymoph nodes of the different groups of mice
was determined. (CE7TBL x CBA)F, mice given i.v. injections of
syngeneic cells showed peak proliferative activity at 4 o 6 days
after s.c. immunization with BALB/c spleen cells. However, in
the immunosuppressed mice no apparent increase in prolifera-
tive activity of lymph node tissue was observed at any of the
tested intervals after 5.c. immunization (Fig. 7). Similarly, pro-
liferation was determined in lymph nodes of BALB/¢ mice i.v.
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Ficvre 7. Proliferative activity in the draining lymph nodes of
immunosuppressed mice after s.c. immunization. Groups of (C57BL x
CBAJF, mive were given L.v. injections of [ % 1) irradiated BALB/¢
@) or (C57BL x CBAYF, () spleen cells on day —7. On day 0, the
mice of both groups were sc. immunized with BALB/e spleen cells,
and on days 1, 3, 4, 6, and 8 the proliferative activity in the draining
inguinal lymph nodes was determined. Similarly, proliferation was
determined in lymph nodes of BALB/¢ mice Lv. preimmunized with 1
x 107 irradiated DBA/2 (8 or BALB/c spleen cells (). On day 0. the
mice of both groups were s.c. immunized with DBA/2 spleen cells and
on day 5 the proliferative activity in the draining inguinal lymph nodes
was determined. For each experimental point there was a control group
included which were not iv. and sc. immurized. The proliferative
activity in the lymph nodes of these mice was the same as in the
immunosuppressed mice. Each point represents the arithmetic mean
= 1 8E {n=35).

preimmunized with minor H-incompatible DBA/2 or syngeneic
BALB/c spleen cells, and s.c. immunized with allogeneic H-2-
compatible DBA/2 (H-2% spleen cells. Again, significant inhi-
bition of proliferative activity was ohserved in the lymph nodes
of the immunosuppressed mice (Fig. 7).

DISCUSSION

This paper demonstrates that a single i.v. injection of mice
with irradiated (2,000 rad) allogeneic spleen cells can induce an
antigen-specific suppression of primary and secondary antigraft
IXTH responsiveness. The extent of suppression can vary be-
tween different experiments, but usually accounts for a reduc-
tion of the response by 70 to 90%. In some experiments a
complete suppression of the antigraft DTH reactivity was
found. The i.v. Toute of preimmunization is obligatory for the
suppresaion {Table 1), This suggests that the spleen ts directly
involved, which is supported by experiments involving splenec-
tomy (Bianchi et al., to be published). Since the suppression
van be induced by heavily irradiated cells as well as by crude
membrane preparations (data not shown), the suppression of
DTH to¢ alloantigens must be mediated by the host. The sup-
pression cannet be explained as a recruitment phenomenon,
hecause recruitment is a short-lasting process (24) and the
suppression described here lasts for at least 40 days (Fig. 3).
From the reduced proliferative activity in the regional lymph
nodes of £.¢. immunized immunosuppressed mice (Fig. 7), it can
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be concluded that the suppressive mechanism affects the “af-
ferent” limb of the immune response. Recently, it was found
that Thy-1.27 spleen cells from immunosuppressed mice were
also capable to suppress the “efferent” limb of the DTH re-
sponse (Bianchi et al., to be published). Experiments that will
reveal whether or not similar suppressor T cells are also re-
sponsible for the suppression of the “induction” phase of the
DTH response ate in progress.

A number of studies have revealed antigen-nonspecific T cell-
mediated suppression of mized lymphocyte reaction and cell-
mediated lympholysis to H-2-incompatible cells. The nonspe-
cific suppressor T cells were induced in vivo by s or iv.
injection of alloantigens, and could only be recovered from the
spleen {7, 25). Recently, however, it was found that injection of
heat-treated allogeneic cells could induce alloantigen-specific
suppression of cytotoxic T cell responses in a large proportion
of mice {26). In this latter study the iv. route of injection was
obligatory for induction of suppression.

A I'TH model with some similarity to the one presented here
is that of Miller et al. (20, 27, 28), who induced suppression of
contact sensitivity to haptens by Lv. preimmunization with
hapten-modified syngeneic or allogeneic lvmphoid cells. Both
in their model and in the experiments reported here, suppres-
sion of DTH reactivity could be induced for antigenic derer-
minants presented on H-2-compatible or H-2-incompatible
lymphoid cells. Intravenous injection of hapten-modified svn-
geneic cells induced a clonal inhibition of immune reactive cells
directed against the hapten as well as induced the generation of
antigen-specific suppressor T cells (27), These suppressor T
cells affected the efferent limb of the DTH immune responge,
Contrarily, iv. injected hapten-modified H-2-incempatible
lymphoid cells induced suppressor T cells acting at the afferent
limb of the immune response only, These suppressor T cells
exerted their suppressive effect only upon transfer to the mouse
strain from which the hapten-modified aliogeneic cells were
derived (25). Further investigations are required to fit these
data of contactl sensitivity into our antigraft DTH model.

Others have reported that Lv. injection of alloantigens can
also prolong graft survival. However, such results were only
found when the preimmunization was done in combination with
treatment with immunosuppressive drugs or antilvmphocyte
serum (4, 18, I9), and only in certain donor-host strain combi-
nations. Even under these conditions only a proportion of the
treated mice showed a delayed graft rejection. This is in clear
contragt to our studies on suppression of DTH reactivity to
histocompatibility antigens where no significant recovery of
DTH responsiveness arose at any time interval after the s.c.
immunization. Thus, suppression of DTH is not based on a
mere shift of the moment of peak responsiveness {Fig. 2).

From the foregoing it is clear that L.v, preimmunization more
easily induces suppression of antigraft DTH reactivity than
suppression of allograft rejection. This is probably related to
the different types of T effector cells mediating these immune
respenses and may point to the complexity of the provess of
graft rejection.

DTH responses are mediated by lymphokine-producing T
cells that require proliferation for full development of their
reactivity (29). Skin graft rejection, on the other hand, is mainly
dependent upen cytolytic T lymphocytes (CTLs). This mav be
inferred from the experiments of Rouse and Wagner {30} show-
ing that CBA CTLs, activated by BALB/c stimulator cells in
vitro, specifically rejected BALB/c allografts upon transfer into
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thymectomized, lethally irradiated, bone marrow-reconstituted
CBA mice. Although generation of active CTLs from their Lyt-
2,3" precursors is dependent upon the presence of an amplifying
factor dertved from antigen-activated Lyt-17 T cells {31}, the
production of this factor does not require proliferation (32).
This might explain why a suppressor system that inhibits
proliferation (Fig. 7) can account for complete inhibition of the
development of DTH reactivity, although it hardly affects
transplant rejection. Alternatively, the iv. preimmunization
might lead to a selective stimulation of the precursors of CTLs.
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Summary

Intravenous immunization of mice with dirradiated (20 Gy) or
non-irradiated allogeneic spleen cells induces delayed type hyper-
sensitivity (DTH) reactive T cells as well as suppressor T cells
against histocompatibility (H) antigens. The suppressor T cells are
unable to suppress the induction and functional activity of the
simultaneously activated DTH reactive T cells. However, the
suppresscer T cells do suppress the generation of DTH reactive T cells
after subsequent subcutaneous (sc} immunization of the same mice and
after trangfer into secondary recipients.

Systemic transfer of suppressor T cells is effective the first
few days after their induction only and mainly affects the afferent
limb of the DTH response. The population of suppressor T cells which
is essential for the systemic transfer of suppression, appeared
to be Lyt—l+2+. Splenectomy experiments showed that the spleen is
not essential for induction of the suppressor T cells. The precur-
sors of the suppressor T cells belong to the pool of recirculating
T lymphocytes; they are insensitive to adult thymectomy (ATx) and

can be depleted by anti thymocyte serum (ATS) treatment.

208



Introduction

Induction of immune reactivity and tolerance in vivo has been
shown to depend on the dose of antigen (1-3), on the route of antigen
administration (2,4,5) and on the antigen form (4-6). As far as
cell-mediated immune reactions are concerned, most studies deal with
the induction or suppression of delayed type hypersensitivity (DTH)
or contact sensitivity {(CS) against haptens (2,6,7). These studies
suggest that unresponsiveness may depend on either a shortage of
antigen reactive cells or on an active suppression mediated by
suppressor T cells (5,8,9}. Some of the suppressor T cell systems
were found to affect either the induction phase (10,11) or the
effector phase (12,13) of the immune response, while other systems
affect both (5,8).

Studies aimed at manipulation of the immune response against
histocompatibility (H) antigens are of special interest in view
of their potential application in influencing the anti~graft immune
response of transplant recipients. Several studies with mice have
shown that infusion of blood cells or lymphoid cells, can prolong
skin (14,15) or hart (16,17) transplant survival. In most of these
studies additional immuncsuppression (e.g. by anti lymphocyte serum
or cyclophosphamide) appeared to be required in order to reveal the
suppression by the suppressor T cells (15,18).

In previous studies we have shown that subcutaneous (sc)
induction of host-vs—graft DTH reactivity of mice against H antigens
can be prevented by iv preimmunization of the responder mice with

similar irradiated allogeneic spleen cells (3).
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Iv preimmunization with alloantigens can also suppress the
development of graft-vs-host (GvH) related DTH effector T cells after
inoculation of irradiated, allogeneic recipients with the
preimmunized donor cells (19).

The iv induced suppression appears to be antigen~dose dependent
and the suppressive effect is a long~lasting phenomenon (3). Speci-
ficity studies have shown that the iv induced suppression can only be
elicited by the antigen{s) originally used for induction of the state
of suppression (19,20). However, after elicitation of the suppressive
effect with the relevant antigen, the immune response against third
party antigens is also suppressed (19,20). Preliminary studies
(20,21) have shown that suppressor T cells account for the iv induced
suppression of DTH to H~antigens., Antigen specific suppression can be
induced by minor H~antigens as well as by H-2K, H-2I or H-ZD antigens
(19,22,23}. By using our protocel for iv induction of suppression
there is, in contrast to the protecol of Liew (23), no special need
for allo-I-J antigens for iv induction of suppression to H-2 coded
alloantigens {24).

This paper deals with the requirements for the induction and
expression of the suppressive effect, the requirements for transfer
of the suppressive effect to syngeneic recipients and the characteri-

zation of the T cells involved in this type of suppression.

Materials and Methods

Mice. (C57BL/Rij x CBA/Rij)Fl (H—Zb/q), BALB/c (H—Zd) and A.SW
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(H—ZS) mice were purchased from the Laboratory Animals Centre of the
Erasmus University, Rotterdam. DBA/2 (H—Zd) mice were purchased from
the Radiobiological Imstitute TNO, Rijswijk, The Netherlands. Swiss
(HMZS) mice were purchased from the Central Institute for the
Breeding of Laboratory Animals TNO, Zeist, The Netherlands. {3H/Tif
(H—Zk) mice were purchased from Bomholtgard, R}, Denmark. B10.D2
(H—Zd) and B10.BR (H—Zk) mice were purchased from OLAC Ltd.,
Bicester, United Kingdom. The age of the responder mice varied

between 10 and 24 weeks. All mice used were females.

Preparation of cell suspensions. Mice were killed using carbon

dicxide. The spleens or lymph nodes were removed, placed in balanced
salt solution (BSS) and squeezed through 2 nylon gauze filter to
provide a single cell suspension. Nucleated cells were counted with
a Coulter counter mcdel B. The viability of the cell suspensions

obtained wag at least 90%.

Immunization. Suppression was induced by iv preimmunization
with 5 x 107 irradiated (20 Gy) allogeneic spleen cells, unless
indicated otherwise. In general, DTH was induced by sc immunizaticn
with | x 107 nonirradiated allogeneic spleen cells. There was an
interval of 7 days between iv induction of suppression and sc immuni-
zation for DTH. Five or six days after the s¢ immunization the mice
were tested for DTH reactivity by injection of a challenge dose
into the dorsum of the right hind foot.

The H~2 and non-H-2 compatibilities and incompatibilities of the

mouse strain combinations used in this study are listed in Table 1.
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Table 1 H-2 and non-H-2 compatibilities and incompatibilities

of the mouse strain combinations used for induction

of delayed type hypersensitivity reactions

Responder Donor H-2 compatible non-H-2 compatible
Swiss A.SW + -
(C57BL x CBA)F1  BALB/c - -
B10.BR Bl10.D2 - +
BALB/¢ B10.D2 + -
(C57BL x CBA)F1  DBA/2 - -
DBA/2 BALE/c + -
C3H/Tif (C57BL x CBA)Fl - -

1)A '+’ means that that particular donor-recipient combination is

compatible, whereas a '-' means that that combination is

incompatible with regard tc the H-2 or non~B-2 histocompatibility

antigens.

Transfer of suppression.

The state of suppression was

transferred to recipient mice by iv injection of spleen and lymph

node cells from mice which were iv suppressed several days

previously. The interval between iv suppression and transfer is

mentioned in the Results-section for each experiment separately. A&
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few hours after transfer, the recipients were sc immunized, unless

indicated otherwise.

Splenectomy. Splenectomy (Sx) and sham-splenectomy (ShSx) were
performed 1 mth before iv suppression. Mice were anaesthetized by an
ip injection of 0.1 mi/10 g body weight of a 1:40 diluted stock
solution of Avertin (25). The incision was made in the left upper
abdomen. For splenectomy, the splenic blood vessels were tied in a
single suture, then cut and the spieen removed. The incision was

closed in two layers. There was no postoperative mortality.

Adult thymectomy, Adult thymectomy (ATx) and sham-thymectomy

(ShTx) were performed when the mice were 6 weeks old. The surgery
was performed as described by Miller (26). Avertin was used for

anaesthesia. The ATx and ShTx mice were rested for 10 weeks before
experimental use. Mice used at least 6 weeks after ATx are consi-

dered to be depleted of short-lived, sessile T cells (Tl cells).

Anti-thymoeyte serum. Anti-~thymocyte serum (AIS) was prepared

in New Zealand White rabbits by two iv injections of 5 x lO8 BALB/c
thymocytes, according to the method of Jooste et al, (27). Before use
in vivo, the ATS and nermal rabbit serum (NRS) were absorbed once
with an equal volume of mouse red blood cells. For the elimination

of T2 cells a total volume of 0.2 ml ATS was subcutaneously injected,
equally distributed over the inguinai and axillary areas. These

injections were given 5 and 2 days before iv suppression. Before
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use, the ATS and NRS was absorbed with a pocl of washed mouse
blood cells to remove the cytotoxic activity. We have previcusly
shown that the above procedure depletes the long-lived recirculating

T cells (T2 cells){cf.28).

Selective elimination of Thy-1.2, Lyt-1.1 and Lyt-2 positive

ceils. Monoclonal IgM anti-Thy~1,2 antibodies (clone F7D5) were
purchased from OLAC Ltd., Bicester, U.K. Moncelonal IgG2a
anti-Lyt-1.1 (clone 7-20.6/3) was purchased from Cedar Lane
Laboratories Ltd,, Hornby, Ontario, Canada. Monoclonal IgM anti-Lyt-2
was obtained by the in vitro eulture of an IgM anti-Lyt-2 producing
hybridoma, which was kindly provided by Dr. F.W. Fitch, Department

of Pathology, University of Chicago, USA. Cell suspensions were
treated for 30 wmin at 4°C with anti-Thy-1.2, anti-Lyt-1.1 or
anti-Lyt-2 antibodies. After incubation the cells were centrifuged,
resuspended in BSS and iacubated with guinea pig complement (Flow
Laboratories, Irvine, Scotland) for 15 min at 37°C. The cells were
then washed three times and resuspended in BSS. The applied procedure
eliminated at least 90% of the viable lymphocytes that were positive

for the marker detected by the monoclonal antibedy used.

Estimation of cell proliferation im vivo. For estimation of the

cell proliferation in the inguinal lymph nodes, the methed described
by North et al. (29) was used. Briefly, 5 days after sc immunization
with 1 x 107 allogeneic spleen cells, the mice were given iv

injections
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of 20 pCi of methyl—BH—thymidine (specific activity: 5 Ci/mM). Thirty
minutes later their inguinal lymph nodes were taken out and suspended
in 5% ice cold trichloroacetic acid. Each cell suspension was
extracted twice for ! hy with 20 ml ecld 5% trichlorocacetic acid and
then once with 6 ml 5% trichlercacetic acid for 1 hr at 90°C. After
cooling, 1 ml of the supernatant was added to 9 ml scintillant
consisting of 3 ml of Triton X~-100 and 6 ml of toluene containing

4 mg PPO per liter, and counted in a liquid scintillation counter
(Packard, model B375). Radicactivity was corrected for background

and quenching and expressed as cpm.

Asgsay for DTE. DTH reactions were determined by measuring the
difference in thickness of the hind feet 24 hr after sc injection
of a challenge dose of 2 x 107 of the appropriate allogeneic spleen
cells intc the dorsum of the right hind foot. As a control for
background DTE reactivity, naive syngeneic mice were used which
only received the challenge dose. Foot thickness was measured with
a footpad meter with a 0.05 mm accuracy and a 0.05 mm reproducibility.
The specific DTH response was calculated as the relative increase
in foot thickness of the immune mice minus the relative increase in
fecot thickness of the control mice. The swelling of the control mice

ranged between 15 and 25%.
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Results

induction and suppression of DTH apgainst histccompatibility

antigens. Subcutaneous immunization of mice with allogeneic spleen
cells induces a state of DTH reactivity (30). In order te investigate
whether iv immunization with allogeneic spleen cells also induces

DTH reactivity, different groups of Swiss responder mice were
immunized with various doses of irradiated or nonirradiated A.SW
gpleen cells and tested for DTH reactivity 5 days later. Increasing
doses of irradiated and nonirradiated A.SW spleen cells induced an
increasing DTH reactivity. Maximal DTH responses were found after iv
injection of 1 x 207 irradiated andéd 3 x 107 nonirradiated spleen
cells, respectively (Fig. 1A). Nonirradiated cells were found to be
more effective in the induction of DTH reactivity than the same dose
of irradiated cells. Similar data were obtained in other combinatiens
invelving H~2 alloantigens.

In previous studies (3,19,20,22) suppression of DTH was found
when sc immunized mice had been iv preimmunized with similar, but
irradiated allegeneic cells. Now we investigated whether suppression
can also be found when nonirradiated cells are used for iv pre-
immunization. Therefore, groups of Swiss responder mice were iv
preimmunized with various doses of nonirradiated allogeneic A.SW
or syngeneic Swiss spleen cells. Seven days later all mice were sc
immunized with A.SW spleen cells and tested for DTH another 5 days

later. Indeed, the nonirradiated cells also induced suppression.

The suppression appeared to be dose dependent and maximal when
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Fig. 1. (A) Induction of DTH reactivity by iv immunization with4
aliogegeic cellg. Swiss Eice wereYiv injecﬁed with eigher 1 x 107,
1x 107, 1 x 107, 3x 107, it x10, 3 x 10" or 1 x 10° dirradiated
(®) or nonirradiated (O) A.SW spleen cells. Five days later all
mice were challenged for DTH. (B) Suppression of DTH reactivity te
allegeneic spleen cells by iv preimmunization with nonirradiated
spieenscells. Sgiss mice yere iv pgeimmuniz?d with eitger 1x 107,

1 x 107, 1 =107, 3 x 107, I 10", 3 x 10" or 1 x 10" nonirradiated
A.5W (®) or Swiss (OQ) spleen cells. Seven days later all mice were
sc immunized with 1 x 10" A.SW spleen cells and another 5 days later
chalilenged for DTH. Each experimental point represents the arithmetic
mean of the DTH respomse * SE (n=6).
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induced by about 1 x 106 allogeneic cells (Fig. 1B). In contrast to
the suppression induced by irradiated allegeneic spleen cells (3},

higher doses of non-irradiated cells induced less suppression.

Transfer of iv induced suppression. Groups of (C57BL x CBA}F1

mice were iv immunized with an optimal dose of 5 x lO7 irradiated
BALB/c spleen cells. At different days after this suppressive
immunization, one group of & mice was sc immunized with | x 107
BALE/c spleen cells, while from another group of 6 mice the spleen
and lymph node cells were transferred into 6 naive syngeneic (i.e.,
{C57BL x CBA)Fl) mice. A few hours later the recipients of
'suppressed' spleen and lymph node cells were also s¢ immunized with
1x 107 BALB/c spleen cells. Both groups of mice were tested for DIH
6t days later. The data from these experiments, depicted in Fig. 2,
show that transfer of the suppressive effect was possible conly during
a short period and optimal on day 4 after the iv preimmunization,
However, in the iv preimmunized mice themselves, the state of
suppressicn persisted for at least 70 days.

Subsequently, the suppression was investigated after transfer of
"suppressed’ spleen and lymph node cells at different intervals after
the sc¢ immunization of the recipient mice. (C57BL x CBA)F! recipient
mice received 'suppressed' spleen and Lymph node cells from syngeneic
denor mice on the same day as the sc¢ immunization or 1 to 6 days
later.

The donor mice were always iv suppressed with 5 x 107 irradiated

BALB/c spleen cells 4 days before transfer. Transfer of the
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Fig. 2. Systemic transfer of iv induced suppression._Groups of
(C57BL x CBA)Fl mice were iv preimmunized with 5 x 10 irradiated
BALB/c spleen cells. At each of the indicated intervals after iy
preimmunization, one group of mwice was sc immunized with 1 x 10
BALB/c spleen cells (@), while spleen and lymph node cells from
another group of mice were iv transferred to naive (C57BL x CBA)F1
mice (O). A few hour§ after transfer, the recipient mice were sc
immunized with 1 % 10° BALB/c spleen cells. At all intervals a group
of (C57BL x CBA)Fl mice was included, which received spleen and lymph
node cells from naive Fl mice (positive control). Also these mice
were sc immunized a few hours after transfer. DTH reactivity was
tested 6 days after sc immunization. Each experimental point
represents the arithmetic mean of the suppressive effect * SE (n=6)
calculated as a percentage of the positive control., The specific DTH
response of this pesitive control ranged from 24-31%.

suppressive effect was found to be maximal when it was performed on
the same day as the sc immunization of the recipient mice (Fig. 3).
The ability to transfer the suppressiom was found to be inversely
proportional to the interval between sc immunization and tramsfer.

Transfer of 'suppressed' spleen and lymph node cells on day 6, when
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the mice were challenged for DTH reactivity, hardly influenced the

response.

% suppression of
DTH reactivity
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days between sc immunization and transfer of suppressor cells

Fig. 3. Effect of infusion of activated suppressor cells at
different intervals after sc¢ immunization of the recipient mice.
Spleen and lymph node ce}ls from (C57BL x CBA)Fl mice, which were iv
preimmunized with 5 x 10  irradiated BALB/c spleen cells, were
systemically transferred at the same day or 1, 2, 3, k,75 or 6 days
after sc immunization of the recipient mice with 1 x 10" BALB/c
spleen cells. As positive controls, groups of (C537BL x CBA)F1 mice
received spleen and lymph node cells from Fil mice at the same day or
1, 2, 3, 4, 5 or 6 days after sc immunization with BALB/c spleen
cells. DTH reactivity was tested 6 days after sc immunization. Each
experimental point represents the arithmetic mean of the suppressive
effect * SE (n=6), calculated as a percentage of the positive
control.

The role of the spleen in the development of suppression after

iv immunization. Splenectomized and sham-splenectomized (C57BL x
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CBA)Fl mice were iv immunized with 5 x lO7 irradiated H~-2 and non-
H-~2 incompatible BALB/c spleen cells or the same number of irradiated
syngeneic spleen cells. Seven days later all mice were s¢ immunized

with 1 x 107

BALB/c spleen cells and tested for DTH another 6 days
later. The iv preimmunization appeared to induce suppression in both
the splenectomized and the sham-splenectomized mice (Fig. 44). The
same results were obtained with splenectomized and sham-splenectomized
B10.BR responder mice which were immunized with H~2 incompatible
B10.D2 spleen cells, and with splenectomized and sham-splenectomized
BALB/c responder mice which were immunized with non-H-2 incompatible
B10.D2 spleen cells (Fig. 44).

Subsequently, we investigated whether the spleen of suppressed
mice is the principal site of residence of the suppressor cells.
Therefore we transferred 1 x 108 spleen cells, 1 x 108 lymphk node
cells or 2 x 108 of a mixture of both cell types from suppressed
(C57BL x CBA)F1 donor mice to naive recipients.

A few hours later the recipient mice were sc immunized with 1 x 107
H-2? and non-H-2 incompatible DBA/2 spleen cells and tested for DTH
reactivity 6 days later. The lymph node cells appeared to be at least
as capable as spleen cells to transfer suppression. Even lymph node
cells from mice, which were splenectomized before the iv
preimmunization, could transfer suppression to naive recipients

(Fig. 4B). Similar data were obtained with spleen and lymph node
cells from BALB/c mice suppressed to non-H-2 incompatible B10.D2

spleen cells (Fig. 4B).
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Fig. 4. (A) Effect of splenectomy on the iv induction of
suppression. Responder mice were splenectomized (Sx) or
sham—sglenectomized {ShSx) four weeks before iv preimmunization with
5 x 10 irradiated allogeneic or syngenein syleen cells, Seven days
later all mice were sc immunized with I x 10 allogeneic spleen
cells. Challenge for DTH was performed on day 6 after sc
immunization. Each column represents the mean response * SE (n=6).
{B) Effect of splenectomy on the ability of lymph node cells to
transfer the iv induced state of suppression. Donor mice were
splenectomized (5x) or shamssplenectomized {ShSx) 4 weeks before iv
preimmunization with 5 x 10" irradiated allogeneic spleen cells. Four
days after iv preimmunization, 1 x 19~ spleen and/or ! x 10~ lymph
node cells from the ShSx mice and 1 x 10 lymph node cells from the
Sx mice were systemically transferred tc syngeneic recipient mice. As
a positive contrel, another group of recipient mice received spleen
and lymph node cells from non-suppressed donors. One hour after
transfer all mice were sc immunized with ! x 10" allogeneic spleen
cells and tested for DTH another & days later. Each column represents
the mean response * SE (n=6). The percentage specific suppression is
shown in parentheses.
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The role of T1 and T2 cells in the development of suppression

after iv immunization. The development of suppression was investi-

gated in ATx and ShTx DBA/2 mice, which were iv injected with either
5 x 107 irradiated non-H-2 incompatible BALB/c spleen cells or the
game number of irradiated syngeneic spleen cells. Seven days later
all mice were s¢ immunized with 1 x 107 BALB/c spleen cells and
tested for DTH reactivity another 5 days later. The results show that
depletion of T1 cells due to ATX did not interfere with the induction
of suppression {(Fig, 54). The same results were cbtained with ATx
and ShTx (C57BL x CBA)TF1 responder mice immunized with H-2 and
non-H-2 incompatible BALB/c spleen cells. The possibility to tramnsfer
suppression with spleen and lymph node cells from ATx suppressed mice
was also investigated. Therefore, ATx and ShTx {C57BL x CBA)F1 donor
mice were iv preimmunized with 5 x 107 irradiated H-2 and non-H-2
incompatible DBA/2 cells. Their spleen and lymph node cells were
transferred into naive, syngeneic recipients 4 days later. A control
group which received spleen and lymph node cells from naive ShTx mice
was included.
A few hours after transfer all recipient mice were sc immunized with
l x 107 DBA/2 spleen cells and tested for DTH another 6 days later.
The results show that Tl cell depletion also did not affect the
capacity to transfer suppression (Fig. 5B).

The influence of T2 cell depletion was studied in (C57BL x
CBAYF1l mice treated with ATS or NRS before iv injection of 5 x 107

irradiated H-2 and non-H-2 incompatible BALB/c spleen cells. Four

days after iv suppression their spleen and lymph node cells were
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Fig. 5. (A) Effect of adult thymectomy on the iv induction of
suppression Responder mice were thymectomized (ATX) or
sham—t?ymectomized (ShTx)} ten weeks before iv preimmunization with

5 x 10" irradiated allogeneic or syageneic sgleen cells. Seven days
later all mice were sc immunized with 1 x 10 allogeneic spleen
cells. Challenge for DTH was performeéd on day & after sc
immunization. Each column represents the mean response * SE (n=6).
(B) Effect of thymectomy on the ability to transfer the iv induced
state of suppression. Donor mice were thymectomized (ATx) or
sham—t?ymectomized (ShTx) ten weeks before iv preimmunization with

5 x 10" irradiated allogeneic spleen cells. Four days after iv
preimmunization, the spleen and lymph node celis from these ATx and
ShTx donor mice were systemically transferred to syngeneic recipient
mice. Another group of recipient mice received normal spleen and
lymph node cells from nonsuppressed donors (positive contro}). A few
hours after transfer all mice were sc immunized with 1 x 10
allogeneic spleen cells. Challenge for DIH was performed on day &
after sc immunization. Each column represents the mean response t SE
(n=6). The percentage specific suppression is shown in parentheses.

transferred into naive syngeneic recipients. A control group
received spleen and lymph node cells from naive donor mice. A few
hours later, all recipient mice were sc immunized and tested for DTH
against BALB/c spleen cells. The data show that transfer of
suppression was impossible after ATS treatment of the donor mice.
The same result was obtained in a similar protocol with DBA/2
responder mice and H-2 and non-H-2 incompatible (C57BL x CBA)FL

spleen cells (Fig. 6}.
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Fig. 6, Effect of anti-thymocyte serum (ATS) treatment on the
transfer of suppression. Donor mice were treated Vith ATS or NRS on
day -5 and day -2 and iv preimmunized with 5 x 10" allogeneic spleen
cells on day 0. Four days later the spleen and lymph node cells were
systemically transferred to syngeneic recipient_mice. One hour after
transfer all mice were sc immunized with 1 x 10° allegeneic spleen
cells and tested for DTH ancther 6 days later. Each column represents
the mean response * SE (n=6). The percentage specific suppression is
shown in parentheses.

Surface markers of the suppressor cells. The effect of ATS

treatment shows that iv induced suppression of DTH to alleoantigens is
dependent on T cells. The Thy-1, Lyt~l and Lyt-2 surface markers of
theze T cells were investigated. Thus, the spleen and lymph node
cells from C3H/Tif mice suppressed to (C57BL x CBA)F1 alloantigens
were depleted for T cells by anti-Thy-1.2 and complement, or for
Lyt-1+ cells by anti-Lyt-l.1 and complement or for Lyt-2+4 cells by
anti-Lyt-2 and complement. After depletion, the residual cells were
transferred into naive syngeneic recipients. As positive control,

one group of recipient mice received normal spleen and lymph node
cells.

A few hours after transfer all mice were sc immunized with

1x 107 allogeneic spleen cells and tested for DTH reactivity another

6 days later. The results (Fig. 7A) show that depletion of either
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Thy=-1+, Lyt~I+ or Lyt-2+ cells from the transferred suppressor cell
population abrogates the suppression.

Transfer of a combination of two suppressor population equivalents
treated with either anti-Lyt-1.1 and complement or anti-Lyt-2 and
complement, respectively, did not reestablish the suppressive effect,
Moreover, the same results were obtained in a combination of DBA/2

responder mice and H~2 and non-H-2 incompatible (C57BL x CBA)F1

RESP STRAIN CELL TRANSFER TREATMENT SC IMMUNIZATION % SPECIFEC INCREASE FOOY THICKNESS
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Fig. 7. (A) Surface markers of the suppressor cells involved in
suppression of DTH to histocompatibility antigens. By means of syste-
mic transfer, groups of responder mice received spleen and lymph node
cells from normal, syngeneic_mice or from syngeneic mice which had
been iv injected with 5 x 10" irradiated allogeneic spleen cells

4 days previously ('suppressed cells'). Before transfer the
suppressed cells were treated with the indicated monoclomal
antibodies and complement (C}. A few hours after transfer, all mice
were sc immunized with 1 x 10° allogeneic spleen cells and tested for
DTH another 6 days later. Each column represents the mean response

* SE (n=6). The percentage specific suppression is shown in
parentheses, (B} Effect of depletion of suppressor T cells on the
proliferative activity in the draining lymph nodes eof sc immunized
mice. Groups of responder mice received spleen and lymph node cells
from normai, syngene%c mice or from syngeneic mice which had been iv
injected with 5 x 10" irradiated allogeneic spleen cells 4 days
previously ('suppressed cells!}. On the day of transfer all mice
were sc Immunized with 1 x 10 allogeneic spleen cells and the
proliferative activity in the draining lymph nodes was measured

5 days later.
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spleen cells (data not shown). Thus, the suppression induced by iv
preimmunization with allogeneic spleen cells is dependent on
suppressor T cells expressing Lyt-l as well as Lyt-2 antigens.

In the combination of DBA/2 responder mice and immunizing
{C57BL x CBA)F1 spleen cells we also studied the effect of suppres-
sor cell transfer on the proliferative activity in the draining
lymph nodes of the responder mice. Transfer of suppressor cells
decreased the proliferative activity in the draining lymph nodes,
while treatment of the suppressor cell population with anti-Thy-1.2
and complement abrogated the suppression of the proliferation (Fig.
7B}. These results reinforce the conclusion from the transfer
experiments shown in Fig, 3, that the suppressor T cells influenced

the induction phase of the DTH respounse.

Discussion

The data presented in this paper show that iv immunization of
mice with irradiated or non-irradiated allogeneic spleen cells can
induce a state of DTH reactivity (Fig. lA) as well as a state of T
cell dependent suppression (Fig. 1B). The suppressive effect due to
the iv immunization becomes manifest only after secondary sc¢ immuni-
zation (cf. reference 3 and Fig. 1B). When mice are sc preimmunized
1 to 7 days before secondary sc immupization, the subsequent DTH
response is hardly affected (3), while at longer intervals and espe-
¢ially in the case of immunization with minor H antigens, secondary

type responses can occur {(30). So, the iv route of preimmunization
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seems to be obligateory for induction of suppression of DTH to H
antigens.

In previous studies (3,19,20,22) we always used irradiated
allogeneic cells for the iv preimmunization in order to avoid anti-
host reactivity by the injected allogeneic cells, which might confuse
studies of the suppressor mechanism. Here we show that DTH reactivity
can also be effectively suppressed by iv preimmunization with non-
irradiated spleen cells (Fig. 1B). In the latter case, maximal
suppression was already induced by a dose of 1 x 106 allogeneic spleen
cells, which is about 50 times lower than in the case of irradiated
allogeneic spleen cells (3). At higher doses, a smaller suppressive
effect was found. The different dose response relationship of iv
induced suppression by irradiated and non-irradiated allogeneic
spleen cells can be due to allogeneic effects and longer persistence
of the antigen in the case of non-irradiated allegeneic cells.

It is remarkable that iv immunization with irradiated allogeneic
spleen cells simultanously induces DTH reactive T cells and
suppressor T cells. Apparently, the suppressor T cells are unable to
suppress the induction and functional activity of simultanecusly
activated DTH reactive T cells, while they do suppress the generation
of DTH effector T cells after secondary sc immunization (Fig. 1B} and
after transfer into secondary recipients (Fig. 7B). This is in
harmony with studies of others showing that for suppression of the
expression phase of DTH to haptens an additicnal suppressor T cell
population is needed, which only occurs after sc immunization of the

iv preimmunized animals (6,8,9,31). However, as yet we have no real
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evidence that such an additional suppressor T cell subset is also
invelved in our model of suppression of DTH to H-antigens.

The suppressive effect induced by iv preimmunizaticn with irra-
diated allogeneic spleen cells can be systemically transferred by
spleen and lymph node cells only during the first few days after
the iv induction (¥Fig. 2). However, when iv preimmunized mice them-—
selves agre sc¢ immunized, a clear suppression of DTH reactivity is
found up to 70 deys after iv preimmunizaticen. Similar results have
been obtained in studies on suppression of DTH against haptens {32)
and heterologous erythrocytes (33,34) and in studies on CS (10). The
authors of these studies suggest that this type of unresponsiveness
is based on clone inactivation as well as on active suppression.

The clone inactivation was found to be a long-lived phenomenon and
could not be transferred, while tﬁe transferable suppressor T cells
only occurred during a short period after induction.

The inability to transfer suppression with spleen and lymph
node cells at longer intervals after iv preimmunization might be due
to the short life span of activated suppressor T cells. Liew (35) has
shown in a, to some extent, comparable system, that after booster
immunization secondary type suppressor T cells appear in spleen and
lymph nodes, suggesting the occurrence of suppressor memory T cells.
The existence of alloantigen—specific suppressor memeory T cells is
further substantiated by our own studies showing that thoracic duct
lymphocytes can adoptively transfer suppression during a substantial
period following iv preimmunization (data not shown).

Suppressor T cells have been described for the afferent
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(10,11,32) as well as for the efferent limb (5,8,9,13) of the immune
response. Transfer of suppressor cells to recipient mice at different
times after sc induction of DIH reactivity show that maximal
suppression occurs when the activated suppressor T cells are infused
shortly after the sc immunization of the recipient mice {(Fig. 3).
Similar results have been found in systems employing hapten induced
suppressor T cells by transferring so-called afferent phase
suppressor T cells (10,32). So-called efferent phase suppressor T
cells, on the other hand, could suppress the DTH response of
recipient mice even when transferred on the day of challenge (5,13).
In our system of jiv induced suppression of DIH against H-antigens we
found that the proliferative response in the draining lymph nodes due
to sc immunization can be suppressed by systemic transfer of
suppressor T cells from recently iv preimmunized donor mice (Fig.
7B). This brings us to the conclusion that systemic transfer of iv
induced suppressor T cells mainly affects the afferent limb of the
DTH response against H-antigens.

It is often suggested that overwhelming of the spleen by a high
dose of iv administered antigen bypasses the presentation c¢f antigen
by antigen-presenting cells, which would faver suppression instead
of activation (2,5,36,37). The requirement of the spleen for the
induction of suppression was shown by Lagrange et al. (38). They
were unable to induce suppression of DTH against SRBC by iv pre-
immunization of splenectomized mice, Sy et al, (39), on the other
hand, showed that splenectomy did not prevent suppression of CS

against 2,4-dinitro-l-fluecrobenzene, but they could not transfer the
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suppression by lymph node cells from splenectomized mice., They
concluded that the iv suppressive injection caused clone inactivation
but did not induce transferable suppressor T cells. However, other
studies showed that induction of afferent (5) phase and efferent (40)
phase suppressor T cells was insensitive to splenectomy. The
experiments presented in Fig. 4A show that suppression of DTH against
H-antigens can be induced in mice splenectomized 4 weeks before iv
preimmunization. Suppression could also be transferred with lymph
node cells from mice splenectomized before the iv suppressive
injection (Fig. 4B). So, we did not find the spleen to be essential
in the induction of suppression of DTH against H-antigens,

From the typing experiments it appeared that the suppresser T
cells essential for transfer of suppression are Lyt-1+2+{Fig. 7A).
In the literature it has been shown that especiaily the population of
Lyt-142+ T cells is sensitive for ATx (41,42), suggesting that this
population constitutes mainly of Tl cells. Our data, showing the
induction of suppressor T cells several months after ATx, indicate
that the Lyt-1+2+ T cell population must be heterogeneous with
regard to lifespan and consists of ATx-resistant T2 cells as well
as short-lived Tl cells (43).
Recent flow cytofluorometry studies by Scollay (44) showed that ATx
did not change the ratios between the different Lyt-subsets in spleen
and lymph nodes, which alsc indicates the cccurrence of long-lived
Lyt-1+2+ T cells.

Although the suppressor T cells described in other assays were

found to belong mostly to the Lyt-1+2- (8,33,35,45) and Lyt-1-2+
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(8,33,46) T cell subsets, also Lyt-142+ suppressor T cells have been
described (35,47). Thus, Liew described a Lyt~1+2+ suppressor T

cell acting in suppression of DTH against H antigens (35). This

cell was activated by a suppressive booster immunization, while the
suppressor T cell induced by a single suppressive injection appeared
te be Lyt-1+2-. In our system, primary iv immunization activated

a Lyt-1+2+ suppressor T cell (Fig. 7B), which is essential for
transfer of the suppressive effect. However, we cannot exclude that
other Lyt-1+2- or Lyt-l-2+ suppressor populations are invelved as
well. The ocecurrence of a cascade of several, phenotypically
different, T cell subsets in suppression of DTH to haptenated
syngeneic spleen cells and CS to certain haptens has been extensively

documented by the group of Benacerraf (Z,8}.
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SUMMARY

Intravenous {(iv) immunization of mice with irradiated
{2000 rads) allogeneic lymphoid cells induces the generation of
suppressor T cells. Such suppressor T cells can suppress the
anti~host delayed type hypersensitivity by other T cells during
acute Graft-versus-Host reactions in irradiated recipient mice.
Suppression of anti-host immune reactivity is detectable at least
50 days after iv induction of the state of suppression in the
donors. The generation of suppressor T cells in the donors is
assoclated with proliferation. Furthermore, the suppressor T cells
need to proliferate further in the irradiated allogeneic hosts in
order to display z maximal suppressive effect. The suppressor T cells

+.+
were found to bear the Lyt-1 2 phenotype.
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INTRODUCTION

In a2 previous paper we have shown that delayed type hyper-
sensitivity (DTH) reactions to H~2 and non-H-2 alloantigens, which
normally arise after subcutaneous (s¢)} immunization of mice with
allogeneic spleen cells, can be suppressed by intravenous (iv)}
preimmunization with similar irradiated allogeneic spleen cells (1).
The extent of suppression depends on the dose of allogeneic spleen
cells and the route of administration and is mediated by T cells
(1,2).

Not only in DTH reactions iv induced suppression can be demon-
strated. It has been shown that iv inoculation of TNP-modified or
unmodified X-irradiated X5563 tumor cells does not prime mice for
anti-tumor cytotoxic responses, but instead abolishes the ability of
these mice to generate anti-tumor cytotoxic effector cells (3).
Furthermore, suppressive activity has been demonstrated in animals
during Graft-versus-Host (GvH} reactions {&-6) and in stable
radiation chimeras (7,8). In the latter studies it was demon-
strated that chimeras possess T lymphocytes in the spleen that
specifically suppress donor anti~host mixed lymphocyte reactions
and that suppression of GvH can be adoptively transferred to
secondary hosts.

In the past, we have develcped a DTH assay which is appropriate
to medsure the develcpment of anti-host effecteor T cells during
GvH (9). This assay is based upon secondary transfer of the

recipients’' spleen and lymph node cells into naive mice, challenge
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of these mice with lymphoid cells syngeneic with the irradiated
reeipient, and measurement of the subsequent DTH response.
We have recently shown, using the protocol for induction of
suppressor T cells originally devised by our laboratory (1,2),
that iv preimmunization of donor mice with irradiated allogeneic
lymphoi& cells can also suppress anti-host DTH responses during
acute GvH reactions (10). The suppressor T cells involved in this
suppression are antigen-specific with regard to their antigen-
recognition, but non-specific with regard to their suppressive
effect (11,12). Thus, suppressor T cells induced by and specific
for Class I alloantigens could suppress the anti-host DTH respense
to third party Class II alloantigens as well, provided the latter
were presented in combination with the specific Class I allo-
antigens that originally had induced the suppressor T cells (11,12).
In anti-allograft DTH this so-called 'bystander-suppression' could
be demonstrated in zll possible combinations of alloantigens (11,13).
So far there is a lack of data concerning the kinetics of this
suppressive effect and the nature of the suppressor T cells involved.
In the present study we investigaed these aspects. The data show
that the suppression is a long-lasting phencmenon that is dependent
on Lyt—1+2+ T cells that need teo proliferate in order to display

a maximal suppressive effect,

MATERIALS AND METHODS

Animals. {C57BL/Rij x CBA/Rij)Fl {H—Zb/q) female mice, 10 to

20-week-old, were bred at the Laboratory Animals Centre cof the
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Erasmus University, Rotterdam, The Netherlands. DBA/Z (H—Zd)
female mice, 8 to 20 week old, were purchased from the Radio-
biolegical Institute TNG, Rijswijk, The Netherlands, from OLAC
Led., Bicester, United Kingdom and from Bomholtgard, Ry, Denmark,
a1l (B-2"1) and A.TH (8-2"%) female mice, 10 to 16 weeks old,

were purchased from OLAC Ltd.

Preparation of cell suspensions. Mice were killed with carben

dioxide. Immediately after killing, the organs to be used (spleen
and inguinal, axillary and mesenteric lymph ncdes} were removed,
placed in a balanced salt solution (BSS) and squeezed thrcugh a
nylon gauze filter to provide a single cell suspension.

Nucleated cells were counted with a Coulter counter model B,

Irradiation. The recipient mice received 750 rads (7.5 Gy) of whole
body X-irradiation. Irradiation was performed in a Philips Miller

MG 300 X-ray machine. The physical constants of the irradiation

have been described elsewhere (9). Radiation contrcl mice died within
21 days after irrvadiation. Spleen cell suspensions were irradiated

with 2000 rads (20 Gy} in the same machine.
GvH-reactions. Acute GvH reactions were elicited by iv injection
of either 1 x 107 or 2 x 107 nucleated spleen cells into lethally

irradiated allogeneic recipients within four hours after irradiation.

Suppression. Suppressor T cells were induced by one iv injection
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of 5 x 10? irradiated (2000 rads) allogeneic spleen cells 4 days

before the use of these mice as donors of spleen cells. Non-
suppressed control mice had been injected with the same number of
irradiated syngeneic cells. In one experiment, inductien of sup-
pressor T cells was done at various intervals before use of

the mice as donors of spleen cells to evoke GvH reactioms.

Selective elimination of T cells. Moneclonal IgM anti-Thy-1.2

antibtcdies (clone F7D5) was purchased from OLAC Ltd., Bicester,
United Kingdom. Cell suspensicns were treated with anti-Thy-1.2
for 30 min at 4°C. After incubation, the cells were centrifuged,
resuspended in B38 and incubated with guinea pig complement
(Behringwerke AG, Marburg, FRG) for 15 min at 37°C. Thereafter the

cells were washed three times and resuspended in BSS.

Anti-Lyt treatment. For elimination of Lyt-1 and Lyt~2 positive

celis in vivo, monoclonal IgG2a anti-Lyt-1 and anti-Lyt-2 were used
of rat origin. The hybridoma cells producing the anti-Lyt—1 (sub-
clone 53-7-313) and the anti-Lyt-2 {subclone 53-6.72) antibodies
were kindly provided by Drs. J. Ledbetter and L.A. Herzenberg (l4).
These antibodies were harvested from hybridoma supernatants.
Suppressed donor mice were injected with 1 ml anti~Lyt-1 or 0.5 ml
anti-Lyt-2 antibodies iv for 4 days, starting on the day of the

iv injection of the irradiated allogeneic spleen cells.

Mitomycin C treatment. Treatment of spleen cells with mitomycin C

(Kyowa Hakko Kogyo Co. Ltd., Tokyo, Japan) was done according to the
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method of Blomgren and Svedmyr (15). A number of 2 to 5 x 108 spleen
cells was incubated in 20 ml BS$S$ containing 25 pg mitomycin G per ml
during 30 min at 37°C. Thereafter, the cells were washed twice and

resuspended in BSS.

Drug treatment. Vinblastin was purchased from Eli Lilly & Co.,

Indianapolis, Indiana, USA. Experimental mice received two ip
injections of vinblastin (100 pg/recipient). The dosis used was
previously found to be sufficient to abolish passive transfer of

DTH reactivity (16). Control mice received similar injections of

BSS only. Hydroxyurea {HU) was purchased from Calbiochem—Behring
Corp., La Jolla, California, USA. Experimental mice received three ip
injections of HU (1 gr/kg BW) 6 h apart. See Hodgson et al. for

details (17). Control mice received similar injections of BSS only.

Assay for DTH. At various intervals after iv injection of spleen
cells into lethally irradiated allogeneic mice, the recipient spleens
and mesenteric and peripheral lymph nodes were removed, pooled and
prepared for single cell suspensions. These cells were transferred
into naive secondary recipients syngeneic to the donors of the spleen
cells that induced the GvH reaction. Thirty minutes before transfer,

. the secondary recipient mice were ip injected with 15 U heparin
{Liguémine, Hoffmann-La Roche & Co., Basel, Switzerland) to prevent
embolism. The secondary recipients were challenged into the dorsum
of the right hind feoot with 2 x 107 spleen celis syngeneic with the

irradiated recipients. The DTH response to this challenge was
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measured as the difference in thickness of the hind feet 24, 48 and
72 h later.

In two experiments foot thickness was also measured at other time
peints. The specific increase in foet thickness was calculated

as the relative increase in foot thickness of the secondary
recipients minus the relative increase in foot thickness of

control mice which had only received the chalienge. The swelling

of the control mice ranged from 15 to 25%.

% specific increase
foot thickness

60 1

40

20

"\ ——T T T T

4 5 6 7

days after irradiation and
reconstitution

Fig. 1. Development of anti-host DTH reactivity in lethally irra-
diated (C57BL x CBA)FIL mice incculated wity either 1 x 10 5uppres§ed
(@), 1 x 10" non-suppressed (@) or 1 x 10" suppressed pius 1 x 10
non—suppressed (4 ) DBA/2 spleen cells. Suppression of the DBA/2
donors 7

was induced by iv preimmunization with 5 % 10" irradiated (C57BL x
CBA)FL spleen cells. DTH responses were measured 24 h after challenge.
Each experimental point represents the arithmetic mean * 1 SEM of at
least 6 mice.
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RESULTS

Suppression of anti~host immune reactivity in GvH by T cells

In previous papers we have shown that anti-host DTH reactivity
in GvH can be suppressed by iv preimmunization of the donors with
the relevant alloantigens (10-12). In the present experiments we
injected the lymphoid cell donors iv with 5 x 107 irradiated syngeneic
or allogeneic spleen cells. Donors pretreated in this way are
referred to as 'non-suppressed' and 'suppressed', respectively.
Four days after induction of suppression, I x 107 spleen cells from
non-suppressed or suppressed mice were used to reconstitute lethally
irradiated allogeneic recipients. At various days after
reconstitution,
the anti~host DTH reactivity was determined in a passive transfer
system as described in the Materials and Methods section. Fig. 1
shows that spleen cells from non-suppressed donors cause a sizable
anti-host DTH response. Spleen cells from suppressed donors, on the
other hand, display a reduced anti-host immune reactivity. The
response by the non-suppressed spleen cells could be reduced by simul-
taneously transferred suppressed spleen cells. This effect was
marginal when measured on day 4 after irradiation and reconsti-
tution, but highly significant on day 5 and later (Fig. 1). This
shows that the suppression is a dominant phenomenon. Suppression
of anti-host DTH in cage of simultanecusgly transferred non-suppressed

and suppressed spleen cells was not only found in donor-recipient
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INOCULUM % SPECIFIC INCREASE FOOT THICKNESS

Non-suppressed cells [+
Suppressed cells D—;
Non-suppressed cells l}"

+ suppressed cells

r T ¥ —

o 20 uo

Fig. 2. Anti~host DTH reactiyity in lethally irrgdiated A.TH mice
inocul?ted with either 2 x 10 _suppressed, 2 x 10’ non-suppressed or
2 x 10" suppressed plus 2 x 10" non-suppressed A.TL spleen cells.
Suppre§sion of the A.TL donors was induced by iv preimmunization with
3 x 10" irradiated A.TH spleen cells. Anti-host DTH reactivity was

determined 6 days after irradiation and reconstitution. For other
details see legend to Fig. 1,

combinations differing for H-2 as well as non-H-2 alloantigens,
but also in combinations differing for H-2I only (Fig. 2).

We used the same experimental set up to investigate whether
the observed suppression is mediated by T cells. Therefore, the
suppressed spleen cells were treated with monoclonal anti~Thy-1.2
antibedies and complement in vitro before combining these cells
with non-suppressed cells and transfer into irradiated allogeneic
recipients. It was found that this treatment of the suppressed cells

abolished the state of suppression (Fig. 3).

Time course of the immunosuppression induced by iv preimmunization

The duration of the suppressive effect induced by iv injection
was investigated by transfer of DBA/2 spleen cells into lethally
irradiated (C57BL x CBA)}Fl mice either 3, 4, 5, 7, 10 or 50 days
after induction of suppression. As can be seen from Fig. 4, the in-
duced state of suppression can be demonstrated still at 50 days after

the iv preimmunization. However, the period that suppressed spleen
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INOCULUM TREATMENT % SPECIFIC INCREASE FOOT THICKNESS

Non-suppressed ceic - ———+

Suppressed cells - [}4

Non-suppressed cells - I]_‘
+ suppressed cefls

+ treated suppressed cells Anti-Thy-1 + C
Non-suppressed cells C :}4

Suppressed cells C D"

Fig. 3. Anti-host DTH reactivity in lethglly irradiated (C57BL x
CBA)F1 mice inoculated with either 1 x 10 nonssuppressed, I x lO7
suppressed, 1 x 10 non-sugpressed plus 1 x 10 suppressed or 1 x 10
non-suppressed plus 1 x 10° anti-Thy-1,2 and complement treated sup-
pressed DBA/2 spleen cells. Recipients were tested for anti-host DTH
reactivity 6 days after irradiation and recomnstitution. For other
details see legend to Fig. 1.

7

cells can suppress the response by simultaneously transferred non-
suppressed spleen cells is much shorter. Already 10 days after the
iv preimmunization the suppressor T cells can no longer suppress the

reactivity mediated by the non-suppressed cells.

Role of proliferation in the development of suppressor T cell

activity

The role of proliferation in the development of suppressor T
cell activity was studied by treatment of the iv preimmunized
mice with the antimiteotic drugs vinblastin and hydroxyurea (HU}.
Suppressed mice were injected with 100 pg vinblastin ip or I mg/kg HU
ip either 3 or 30 days after induction of suppression. At 15 h
after injection of vinblastin or the last injectien of HU, 1 x 107
spleen cells were used to reconstitute irradiated allogeneic re-
cipients. Fig. 5 shows that treatment of iv preimmunized doner mice

with these antimitotic drugs prevented the suppressiom at both inter-
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% specific increase
foot thickness
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days between induction of Tg cells and
reconstitution

Fig. 4. Time course of the suppression induced by iv pre-
immunization. Irrad}ated allogeneic (C57BL x.CBA)Fl mice were ino-
culated with 1 x 10° suppressed (H), 1 x 10 non-suppressed plus
1 x 10" suppressed (A) or I x 10° non-suppressed (hatched area)
PBA/2 spleen cells 3, 4, 5, 7, 10 and 50 days after {iv pre-
immunization. Anti-host DTH reactivity was determined 6 days
after irradiation and reconstitution. For other details see
legend to Fig. 1.
vals tested. So the induction of suppressor T cells by iv preimmuni-
zation and their maintenance are associated with preoliferation.
Furthermore, the observation that pretreatment of non-suppressed
mice with vinblastin and HU does not affect the anti-host DTH response
confirms our previous conclusion (18) that the T cells mediating
the anti-host DTH mainly belong to the pool of long-lived non-
proliferating T cells.
Whether or not suppressor T cells need to proliferate
after their transfer into the irradiated allogeneic recipients
was studied by pretreatment of spleen cells from suppressed donors

with 25 pg/ml mitomycin C in vitro before their transfer into the

irradiated recipients. This dese of mitomycin C blocks DNA
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synthesis and thereby prevents proliferation. Incubation of the
suppressed spleen cells with 25 pg/ml mitomycin C before combining
these cells with non-suppressed cells aboliéhed the suppression
(Fig. 6), indicating that the suppressor T cells need to proliferate
further in the irradiated recipients in order to display a maximal

suppressive effect.

INCCULUM TREATMENT 3 SPECIFIC INCREASE FOOT THICKNESS
Non-suppressed celis BSS |——_!.<

Non-suppressed cells  Vinblastine I

Non-suppressed cells HU :]—4

Suppressed cells BSS [:}4

Suppressed cells Vinblastine [ h

Suppressed cells HU [ |

Non-suppressed cells BSS I:}-'

Non-suppressed cells Vinblastine :}"‘
Non-suppressed cells HU I:::}—4
Suppressed cells BSS P
Suppressed cells Vinblastine I:l—‘
Suppressed celis HU I::_"_—'—'

0 20 4C

Fig. 5. Anti-host DTH reactivity }n lethally irradiated {(C37BL x
CBA)F1l mice inoculated with 1 x 10° spleen cells from BSS,
vinblastin or hydroxyurea treated non-suppressed or similarly
treated suppressed DBA/Z mice. Drug treatment was performed either
3 (upper part) or 30 days (lower part) after induction of sup-
pression, i.e. 15 h before use of these donmor mice to reconstitute
the irradiated allogeneic recipients. For the drug doses used,

see section 'Materizls and Methods'. For other details see legend
to Fig. 1.
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INOCULUM TREATMENT % SPECIFIC INCREASE FOOT THICKNESS

Non-suppressed cells -
Non-suppressed cells Mitomycine C

Suppressed ceils -=

Suppressed cells Mitomycine C

Non-suppressed celis +
suppressed cells

Non-suppressed cells +
treated suppressed cells Mitomycine C

07

i} 20 4o

Fig. 6. Anti-host DTH reactivity in leth?lly irradiated (C57BL x
CBAYFIl mice inoculated with either ]l x 10 nonssuppressed, 1 x 10
suppressed, 1 x 10° non-suppressed plus 1 x 10" suppressed, 1 x 10
non—suapressed plus 1 x 10" mitomycin C-treated suppressed, or

I x 10" mitomycin C treated non-suppressed DBA/2 spleen cells.
Recipients were tested for anti-host DTH reactivity 6 days after irra-
diation and reconstitution., DTH responses were measured 40 h after
challenge. For other details see legend to Fig. 1.

7
7

Lyt surface markers of suppressor T cells

To investigate the Lyt phenotype of the suppressor T cells
involved in suppression of anti-host DTH during acute GvH reactions
we injected suppressed donors with anti-Lyt-l cr anti-Lyt-2 anti-
bedies during the first four days after the iv preimmunization.
This was done in the DBA/2 - (C57BL x CBA)F1 and the A.TL - A.TH
combination. Fig. 7 shows that in both combinations tested the
suppression was abolished by both anti~-Lyt-l and anti-Lyt~Z anti-
bodies. Experiments in which the suppressed spleen cells were
treated with anti~Lyt-l or anti-Lyt-2 antibodies and complement
in vitro before transfer into the irradiated allegeneic recipients
displayed the same results (data not shown).

When irradiated mice, reconstituted with allogeneic spleen

cells from non-suppressed donors, were daily injected iv with mono-
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Suppressed cells Anti-Lyt-2 [

Non-suppressed cells B5S [__m_]'*
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Suppressed cells Anti-Lyt-1 %
Suppressed cells Anti-Lyt-2 :I"

0 20 %0

Fig. 7. Effect of anti-Lyt-1 and anti-Lyt-2 treatment in vivo upon
the generation of suppressor T cells subsequent to iv preimmunization.
Suppressed and non-suppressed DBA/2 and A.TL donor mice were daily iv
injected with either ! ml anti-Lyt-1, 0.5 ml anti-Lyt-2 or 1 ml BSS.
This was done for a period of 4 days starting on the day of the
suppressive injection of irradiated (C57BL x CBA)Fl and A.TH spleen
cells, respectively and ending on the day before spleen cell
transplantation. Suppressed and non-suppressed DBA/2 spleen cells
were transferred into irradiated (C57BL x CBA)Fl mice (upper part),
while suppressed and non-suppressed A.TL spleen cells were
transferred into irradiated A,TH mice (lower part). Anti-host DTH
reactivity was determined 6 days after irradiation and reconstitution.
For other details see legend to Fig. 1.

clonal anti~Lyt-1 or anti-Lyt-2 antibodies, a curtailment of the

DTH reaction was found after anti-Lyt-1 treatment, most likely

due to inactivation of the DTH reactive T cells. Anti-Lyt-2 treatment
on the other hand, prolonged the DTH reaction. In the latter case,

foot swelling still occurred 144 h after challenge (Fig. 8).
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Fig. 8. Influence of treatment with anti-~lyt-l and anti-Lyt-2

antibodies upon the anti-host DTH response of mice subjected to
GvH. GvH was induced in }ethally irradiated (C57BL x CBA)FI mice
by inoculation of I x 10° spleen cells from naive DBA/2 mice.
Irradiated reconstituted mice were treated with either 1 ml anti-
Lyt-1 (@), 0.5 ml anti-Lyt=-2 ( &) or 1 ml BSS ( & )} iv during

the first 5 days after recomstitution. On the 6th day the mice were
tested for anti-host DTH reactivity. DTH responses were measured
24, 48, 72, 96, 120 and 144 h after challenge of the seccndary re-
cipients. For other details see legend to Fig. 1.

DISCUSSION

Intravenous administration of irradiated allogeneic lymphoid

cells to mice results in the generation of suppressor T cells which

can suppress the anti-host DTH response in GvH. This has been demon-

strated in a variety of donor~recipient combinations (10,12}. The

suppressor T cells are antigen-specific with regard to their

activation, but non-~specific with regard to their suppressive effect

(1
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The present study adds to this data a.o. that these T cells reguire
proliferation in order to display maximal suppressive activity. This
proliferation occurs during the activation of the suppressor T cells
subsequent to the iv injection of irradiated allogeneic spleenm cells
(Fig. 5) as well as during the induction of GvH (Fig. 6). Blomgren
et al. (19), studying cellular cooperation during GvH have also
provided evidence that cells mediating suppressive effects require
proliferation in order to function optimally. These authers found
that mixtures of thymecytes and lymph node cells yield synergistic or
antagonistic Graft-versus-Host reactions when inoculated into new-
born Fl hybrids, depending on the cell dosages of thymocytes used,
High ratios of the number of thymocytes and lymph node cells
favoured synergism, whereas low ratios favoured antagonism.
Mitomycin C treatment of the thymocytes in vitro before transfer
into allogeneic recipients abolished the suppressor activity in-
dicating that the cells mediating the suppressive effect require
proliferation (19).

The mode of action of the suppressor T cells might well be that
they inhibit DNA synthesis and thereby proliferation of the allo-
reactive DTH effector T cells. Several investigators have shown that
for maximal GvH reactions proliferation is needed. Meuwissen and
Good (20) have demonstrated that donor spleen cells, incubated with
nitomycin € did not exhibit GvH reactivity as measured in the
splenomegaly assay. Furthermore, Wolters and Benner (21) demenstrated
that full development of specific anti-host DTH responsiveness during

the acute GvHE reaction is dependent on proliferation of the reactive
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T cells. In contact sensitivity, Asherson et al. (22) have shown
that immune cells can specifically depress the DNA synthetic response
to antigen. They immunized mice with the contact sensitizing agent
picryl chloride anrd transferred these spleen cells 3-18 days later
into naive syngeneic recipients. These recipients were immunized
with picryl chloride, whereafter the DNA synthesis was assessed

in the regional lymph nodes. Injection of 3 x 107 immune cells
depressed the DNA synthesis at 4 days after immunization with a mean
depression of about 60 per cent. Furthermore, our own group has
shown that the suppressor T cells activated by iv immunization

with irradiated allogeneic spleen cells suppress the proliferation
in the regional lymph nodes after sc immunization with allogeneic
lymphoid cells (1}.

Activated suppressor T cells generated by our protocol can
also suppress already activated DTH effector T cells when tested
in the immune lymphocyte transfer assay (Bianchi et al,,
to be published). Also for in vitro antibedy formation it has been
shown that suppressor T cells might affect not only the proliferation
of helper T cells, but also their functional activity (23},

In a previous study on anti-graft DTH we have shown that
suppression persists for at least 40 days after the iv suppressive
immunization (l). The present study on GvH corroborates this
finding and, furthermore, shows that this suppression is based upon
suppresser T cells with a long~lasting proliferative activity
(Fig. 5).

Liew and Howard have demonstrated profound antigen-specific
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suppression of DTH to sheep red blood cells (SRBC) in primed mice for
at least one year. This long-term jmpairment of DTH is maintained by
memory suppressor T cells with low proliferative activity (24). This
alse holds for DTH to histocompatibility antigens (25). In the latter
study it was shown that suppression of DTH to alloantigens induced
by a single iv injection of a high dose of irradiated allogeneic
cells lasts for at least 200 days (25).

It'is remarkable that the ability of suppressed spleen cells
to inhibit the response by nonsuppressed cells can be demonstrated
only during a relatively short periocd, namely from 4 to 10 days
after the suppressive immunization (Fig. 4). Other authors have
encountered similar phenomena (6,24). It miéht be that the state
of suppression actually consists of two phases. The first phase
of 4 to 10 days might be due to suppressor T cells that can suppress
the response by the alloreactive T cells mediating DTH, The second
phase might be due to clonal inactivation or clonal deletion of
those alloreactive T cells that are specific for the alleoantigens
used for iv immunization.
Evidence for such an underlying mechanism of the long~lasting
suppression has been presented by others, but has been obtained
under different conditions (23,26).
Alternatively different types of suppressor T cells or suppressor
T cells in a different state of activation or different numbers
of suppressor T cells might be required for the reduced GvH-re-
lated DTH response after transfer of suppressed spleen cells only

and after simultaneous transfer of suppressed and non-suppressed
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spleen cells. Studies aimed to discriminate between these possi~
bilities are in progress.

Our finding that the cells accounting for the suppressive
effect are sensitive to anti-Lyt-l1 as well as anti-Lyt-2 treatment
suggests that either the suppressor T cells invelved bear the
Lyt-—l+2+ phenotype, or that different suppressor T cell
subpopulations with a different Lyt-phenotype are involved. Both
possibilities might well be correct. Germain and Benacerraf (27) have
integrated the proposals of several authors about the pathway of the
suppressor T cell cascade (27). The cascade they advocate is
initiated by a Lyt—1+ or Lyt~123+, cyclophosphamide sensitive
antigen-specific T cell (Tsl) which produces an idiotypic suppressor
factor (TsFl} that acts across H-2 and VH differences. This TsFl
induces a second population of suppressor cells (Ts2). This cell
population bears Lyt-l antigens (28,29) and may also produce a factor

(TsF2) which is restricted by H-2 and V_ linked genes. The target of

H
this factor is an antigen-primed Lyt-2+ cell population (Is3). The
Ts3 population or a factor (TsF3) produced by this population may
interact directly or imdirectly with the T cells that mediate e.g.
contact sensitivity or helper activity (29,30),

The prolonged kinetics of the DTH response in the secondary
recipients after in vivo administration of anti-Lyt-2 antibodies
te the mice subjected te GvH, indicates that GvH-related DTH reac-
tivity is the result of a delicate balance between DTH reactive T

cells and suppressor T cells. Similar data have been provided by

Cantor et al. (3l) for the anti-SRBC antibody response, These authors
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showed that the net helpef activity after immunization with SRBC is
determined by the relative propoertions of SRBC-specific helper T cell
activity and suppressor T cell activity. Removal of Lyt~2+ T cells
from the spleen of SRBC primed mice augmented the anti-SRBC response
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Alloantigen-specific suppressor

T cells can also suppress

the in vive immune

response to unrelated alloantigens

A. T. §, Bianchi, H. Bril & R. Benner

Department of Cell Biology and Genetics, Erasmus University,
PO Box 1738, 3000 DR Rotterdam, The Netherlands

Delayed-type hypersensitivity (DTH) to beth major histocom-
paublllty comp!ex (H—Z) and non-H-2-coded antigens can be
duced by subcut ization with allogeneic lym-
phoid cells in the mouse. While subcutaneous immunization
with allogencic cells preferentially induces DTH reactivity,
intravenous immunization, especially witk irradiated allogeneic
cells, induces a state of suppression. Suppression is manifest
both in direct hosi-versus-graft (HvG)* assays and under graft-
versus-host (GvH) conditions®, where spleen cells of suppressed
mice are used to reconstitute irradiated allogeneit hosts, The
suppression is mediated by T cells™*. We have now studied the
specificity of the suppressive effect by subcutaneous immauniz-
ation of ‘suppressed’ mice with a ¢ tion of alloantig
comprising the antigen(s) used to induce the suppressor T cells
as well as unrelated alloantigens. We repert here that reaction
against the third party alloantigens was efiectively suppressed,
provided these antigens were presented in combination with
the antigen(s) that had indoced the suppressor T cells. Both
sets of allosntigens do not need to be physically associated.

Mice, suppressed to H-2 histccompatibility antigens, do not
display a DTH response against these antigens, but respond
normaily against third party antigens (Table 1, groups A and
E}. The suppression is H-2 subregion-specific: mice, suppressed
for either H-2I or H-2D antigens, display normal DTH reac-
tivity after subcutaneous immunization with ather H-2 subre-
gion antigens (Table 1, groups B and C). Table 1, group D,
shows that suppression of the HvG reactivity to H-2 subregions
is haplotype-specific. We have also observed that intravenous
injection of cells incompatible for minor histocompatibility
antigens could not suppress DTH reactivity to subcutaneously
administered H-2 alloantigens and vice versa. Thus suppressor
T cells require restimulation with the original immunizing anti-
gen: they are strictly antigen-specific as far as their activation
is concerned.

In GvH reactions H-2I and MIs antigens activate DTH-
reactive T cells®. This activity is assayed in secondary recipients,
after passive transfer of lymphotd cells from animals undergoing
the GvH reaction®®. The suppression found in HvG reactions
is also found in GvH reactions (Table 1, group E).

The specificity of the suppressive effect was studied by sub-
cutaneous immunization of ‘suppressed’ mice with a combina-
tion of alloantigens comprising the antigen(s) used to induce
the suppressor T cells as well as unrelated alloantigens. Reaction
against the third party alloantigens was effectively suppressed,
provided these antigens were presented in combiration with
the antigen(s) that had induced the suppressor T ¢ells. This holds
also for GvH reactions {Table 2}, The phenomenon was ob-
served for complete H-2 differences (groups A and C) as well
as for H~-2 subregion differences (groups B and D). Intravenous
preimmunization with an alloantigen suppressed the DTH

Table 1 Specificity of antigen recognition by suppressor T cells

Responding % Specific increase
System  Expt strain Pretmmunization i.v. [mmunization s.c. foot thickness
BALB/c (H-27} BALB.B (H-2) BALE.E (H-2) T
A BALBjc Balaje BALB B (H-2")
BALB/c BALEK (H-2%) BALB B (H-27) [
BI0.AGR BIO.A  (K) BIOA (K) s ]
B BI0.AGR Bi0.AQR BIOA (K)  —————
B10.AQR BHOT(BR) (1) B10.A (X} | —————
HYG ATH ATL (1} ATL (1) L
v ¢ aTH ATH ATL (1) i B
ATH ASW (D) ATL (1)  Io———
g10BR (0%) 810.4KM (0%) BI0.AKM (0%) [+
BI0.BR B10.8R B0 axm (0% Com————
B10.8R B10.a2R1(07 3 [ N o B ae—
P sk BI0.A(zR) (D) 810.A(2R)(D%}
B10.BR B10.8R gOA(ZRIDY o
B10.8R B10.AKM (0T) pios{zaND?) CmTITT
Responding )
System  Expl cells Preimmunization i.v.  lrradiated host
BalB/e (H-2%) 8AL8.8 (H-2°) BALEE (H-2%) &
GvH £ BALBJ BALBjc BALBB (H-2") [T
BALBjc BALB.K (H-2%) BALB.B (H-2%) [
’ | WU S R SR R
0 1 2 1 W

Suppressor T celis were induced by intravenous (i.v.) preimmunization of groups of six mice wuh 510" X-irradiated (2,000 rad} allogeneic
spleen cells. HvG reactivity was stimulated 7 days later by subcutaneous (s.c.) injection of 1x 107 allogeneic spleen cells, distributed over the
inguinal area. Six days later the mice were tested for DTH reactivity by injection of Z X 107 of the same allogeneic spleen cells into the dorsum
of the right hind foot. Foat swelling was measured 24 h after challenge. Untreated controi mice received only the challkenge dose, The swelling
in these control mice varied between 12 and 20%. DTH responses are expressed as % specific incrzase in foot thickness, and corrected fer
nonspecific swelling in the control mice. The histograms represent the arithmetic mean #s.e. The H-2 haplotypes (group A}, the H-2 subregion
differences (gmups B and C), and the haplotype of the H-2D locus (group D) are shown in parentheses. GvH reactions were elicited by i.v.
injection of 1x 107 spieen celis (‘responder cells’) into X-irradiated (700 rad) allogencic recipient mice, Five days after reconstitation the total
cell yield of spleen, inguinal, axillary and mesenteric lymph nodes of a recipient mouse was injected i.v. into an untreated secondary recipient
syngeneic with the spleeq cell donor. DTH reactivity was measured as in HvG reactions. The H~2 haplotype of the mice and cells used (group
E) are shown in parentheses. The origin of the H-2 subregions (K, I-A, J-J, I-E, D): A.SW sssss, ATHssssd, ATL s kkk d, BALB.B b bbb b,
BALB/cddddd, BALB.K kickick, B10.BR k kkk k, B10.A kkkk d, B1).AKM k kik 0, B10.A(2R) g kkk b, B10.AQR g kick d, BLO.T(6R) g qqqd.
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Table 2 Specificity of the suppressive effect mediated by suppressor T cells

Responding % Specific increase
System  Expt strain Preimmunizalicn i.v.  Immunizatien s.c. Challenge foot thickness

BALB.G (H-27) BALB/e (H-29)  BALBJc Ak Fy (szg”:“) BALB/C XK Fy (H-2d;k) (e S

. Bales BALE B BALBJcx K Fy (H-27") - BaLBfexk Fy(H-2%%) oo
BALAH BaLBfc (H-29)  BALBJexKFy (H-2T  BalB.K (H-29) ('
BALE B BaLB8 (H-2")  BatBloxkF (#-29%  BalBK (H-25 S ———————

HvG

B10.A 810 AGR (K) BIOTIER}(KI) BI0.TER) (K [} -

g EI0A 810.2 BIOTERMKI 810.T{6R) (K1) Em——
BID.AGR BI0.A  {K) B10.4 % T{ER) (K 1) BI0. (SR (1) [
B10D AGR B10 AGR BI0.A x . T(BR)Fy{K 1) B1Q T(8R}(1) A ot

System Expt Responding cells  Preimmunizalion iv Irradialed host Challenge

BALBE (H-273 BalBfc (H-29)  BALBfexkF (-2 BalsfcxkFy(H-29%)

o BALBE BALB.E BALB/cx KFy (H-297)  BALBJax K Fy (H- 29y =
BALB.E Bal8fc (H-2%)  BALBlex.Fy (H-29™)  BALB K (n-25) fm?
BALE B BALBB (H-27)  BALBfex KF (-2 BaLB.K (H-29) s S

GvH

AL ATH (K1) ATH (K1) ATH (K1} | —1

0 AAL AAL ATH (KI) ATH (K1)  S——————
AAL O ATL(K) ATH (K1) ATH (K1) [

The experimental details are the same as in Tabie I. The H-2 haplotypes (groups A and C), or the H-2 subregion differences {groups B and
D) are shown in parentheses. BALB/cx KF1 means F1 hybrid of BALB/e x BALB.K, B10.A x T{6R) means F1 hybrid of B10.AxB10.T (6R).

The origin of the H-2 subregions of the A.AL strain is k¥ kkk &. The other strains are described in the legend to Table 1.

response 10 a challenge by completely different alloantigens,
as long as the preimmunizing antigen was also present in the
inducing inoculum (Table 2, groups A-C). The same result was
obtained after suppression with non-H-2 allpantigens, sub-
sequent immunization with a mixture of the same non-H-2
aliantigens plus unrelated ‘bystander’ H-2 antigens, and
eventual testing for DTH reactivity against the H-2 antigens
only {Table 3, groups A and B). These experiments clearly
show that the ‘bystander’ antigens and the antigens used to
induce the suppressor T celis do not have to be presented by
the same cells.

Nonspecific suppressive effects have been demonstrated pre-
viously i vive”™® and in vitre® 7. Contact sensitizing agents'*'*
as well as hapten-derivatized syngeneic'™"” and allogeneic'®
cells readily induce suppressor T cell activity. The generation
of this activity is dependent on complex interactions of three
sets of suppressor T cells in a regulatory circuit under control
of 1gH and H-2 genes'™". Fresno er al.'’"'* have isolated an
antigen-specific suppressor factor from continuously growing
suppressor T cell clones. This factor was found to be a protein
which, after interaction with antigen, breaks down inte two
peptides of 45,000 and 24,000 molecular weight. The former
subunit suppresses both antigen-specific and other Lyt 17 T
cells.

Intravenous preimmunization with X-irradiated allogeneic
cells also induces suppressor T cell activity. The type ©of the
suppressor T cell activated depends on the dose of antigen and
on treatment of the mice with cyclophosphamide®’. Liew’, using
high antigen doses and cyclophosphamide to induce suppressor
T cell activity, has shown that suppression of DTH to H-2
subregion products can be induced if, and only if, the H-2
incompatibility includes the I-J subregion. The suppressor T
cells are then antigen-specific, recognize the allo-I1-J molecules
and suppress also the DTH response to other H-2 subregion
gene products if these are presented on the same cells as the
alio-I-J determinants’. The suppressor T cells activated by our
protocol {which differs from Liew's by using a lower dose of
antigen and no cyclophosphamide) do not need to recognize
allo-1-J determinants (Table 1) and will nonspecifically suppress
the response to ‘bystander' antigens, irrespective of whether
the specific and ‘bystander™ antigens are physically associated.

Various mechanisms have been proposed to date for the
beneficial effect of blood transfusion on kidney transplant sur-
vival****. The data of Fresnc et al."'"**, combined with our
finding of nonspecific suppression of the in vive immune
response to ‘bystander’ alloantigens, even if they are not
physically associated with the specific antigens, may well explain
the bload transfusion effect. Sharing histocompatibility antigens

Table 3 Recognition of specific and ‘bystander’ antigens on separate cells

System Expt Responding strain Preimmunization i Immunization s.c. Chaltenge % Specific increase foot thickness
1002 (H-2% BALB /e BALE.B (H-2") BI0.5e5n (H-2°) [
A B10.02 B10.02 BALB.EB (H-2) B10.5¢5n (H*Zb) S— . T
81002 BALB/c BALB/ + BIO.ScSn (H-2T)  BD.SeSa (H-2%)  [o0m—
810.02 B10.02 BALB/c . BI0.ScSn (H+2")}  BI0SeSn (H 2% O ——— ]
HvG
pBAj2 (H-2%) B10.02 8106 (-9 pBAfl (H-TY) T
s DBAJZ DBAf2 B10.6  (H-29 peaf (H-2Y) ey
DBA /2 BI10.0D2 B10.02 . DBAS (R-2%) paaft (H-1% Co—
oBa 2 DBA 2 B10.02 . DBAA (H-20) DBASL (H-2%) | E—— )
T T T T

T
o 9 20 30 & 50 80

Suppressor T cells against minor histocompatibility antigens were induced as described in the legend to Table 1, which also gives the details
of the assays. The H-2 haplotype differences are shown in parentheses.
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by the transfused blood cells and the transplanted kidney and/or
the passenger blood cells might reactivate antigen-specific sup-
pressor T cells after transplantation, and that might supress the
anti-graft reactions in a nonspecific way.

We thank Drs 5. Fazekas de StGroth, K. Fischer-Lindahl
and M. H. Schreier for reading the manusceript, Dr Fazekas de
StGroth for help in the preparation of the manuscript, Mrs

Recerved L5 November; accepted 9 December 1582

1. ¥an der Kwast, Th, H.. Bianchi. A T. 1, Bril. H. & Berner, R. Transpiancaiion 3,
79-85 (19811,

Bril B & Benner, R_ Adv, exp. Med, Bigl, 149, 577-583 (1082,

Bionehi, A. T, J., Hussaarts-Odijk, L. M. & Benaer, B, Transplanme Prac, lin the press

Walters. E, A, J. & Benner, R, Nanwre 279, 642-647 (1979),

Wolters, E, A, ). & Benner, R. Transplanradion 26, 40-45 118781

Wolters, E, A. 1. & Benner, R, Transplaniaiion 27, 394211979}

Liew. F. Y. Eur, L. Immun, 11, 883-8B8 19813,

Zembala, M., Asherson, G. L. & Colizzh, W, Namrr 297, 411413 (1982)

Rich. 8. 5 & Rich, R. R. J. cxp. Med, 140, 156B-1602 11974},

Rith. 5. 5, & Rich, R. R T exp. Med, 142, 1391-1402 11975},

Fresna, M,, Nabel, G, McVay-Boudreaw, L., Ferthmaver, H. & Cantor, H, L. cxp. Med,
153, 1246-1259 (19811,

Fresne, M., McVay-Boudreaw, L., Nabel, G. & Contor, H- [, exp. Med. 153, 1260-1274
119815,

EER R

v

Lidia M. Hussaarts-Odijk and Mrs Beatrix D. Molendijk-Lok
for technical assistance and Mrs Cary Meijerink-Clerkx and
Mrs Jeanette van Dongen-Melman for typing the manuscript.
This investigation was supported by grants from the Dutch
Kidney Foundation, Amsterdam, and the Interuniversity
Institute for Radiation Pathology and Radiation Protection
{TRS), Leiden, The Netheriands.

13, Fresno. M., McVay-Boudrrau, L. & Cantor, H. /. cep. Mred, 158, 981-993 11842
12, Ashesson, G L & Zembala, M, Immuaclogy 2, 10051017 119845,
15, Claman, H. N., Miller, 8. D, Conlon, F. 1. & Moorhead, §. W. Adu. fmmun, 3 121-157
{19800,
16, Milter, $. D, Sy, M.-5. & Claman, H, N, J. Imman. 125, 265-273 11978
17. Bach, B. A.. Sherman, L., Benacerraf, B. & Greenc, M. I J Imman. 121, 14611- 1468
11978)
18. Miller, §. D, Sv. M-8, & Claman, H. N J, fmatun. 121, 274280119783,
19, Dhetz, M, H. eral, J, exp. Med. 153, 250463 11981
20. Sy, M. isanofl, A, Germain, R, N,, Benacerrad, B, & Greene, M. [ £, cap. Mrd, 153,
1415-1425 (19813,
21. Blanchi. A, T. I, Van der Kwast, Th H. & Benncr, R Immiun, Todaw 3. 123-124
11982).
22. Opela. G, Sengar, D, P. 5, Mickey, W. R. & Terasaki, P. L Transplann Proc. 5, 153150
119731
Williams, K. A. & Morris, P. T in Organ Transplanmiion—Prescar Stare, Futare Gaals
led, Slawvin, S.) (Elsevier, Amsierdam, 19801

23,

261






SPECIFIC AND NONSPECIFIC T-CELL-MEDIATED SUPPRESSION
OF ANTTHOST IMMUNE REACTIVITY IN GRAFT-VERSUS-HOST
REACTION!

H. BriL,? B.D. MoLENDIFK-LOK, aND B. BENNER

Department of Cell Biology and Genetics, Erasmus University, Rotterdam, The Netherlands

Intravenous immunization of mice with irradiated
{2000 rads) allogeneic lymphoid cells induces the gen-
eration of suppressor T cells. Such suppressor T cells
are capable of suppressing the antibost immune reactiv-
ity during acute and delayed graft-versus-host reac-
tions. These suppressor T cells are strictly antigen-spe-
cific as far as their activation is concerned, but alse
suppress the reacticn against unrelated antigens pre-
sented by the irradiated host.

!'This investigation was supported by the Interuniversitary Institute
for Radiatien Pathology and Radiation Protection {IRS), Leiden, and
the Dutch Kidney Foundation, Amsterdam, The Netherlands.

2 Address correspondence to: H. Bril, M.D., Department of Cell
Biology and Geneties, Erasmus University, P.0. Box 1738, 300¢ DR
Rotterdam, The Netherlands.

Since the original report of Gershon et al. (1) about suppres-
sor T cells, many investigators have reported T-cell-mediated
suppression of immune function, for example, in delayved-type
hypersensitivity (2, 3}, graft-versus-host (GVH) reactivity (4,
5), helper T cell function {6), allograft rejection (7), cell-
mediated lympholysis (8, 9) and mixed lymphocyte reaciivity
{10, 11). Antigen-specific as well as nonspecific suppressor T
cell effects have been described (11-17).

Elsewhere (18) we have shown that delayed-type hypersen-
sitivity (DTH) to major and minor histocorapatibility antigens,
which normally arises after s.c. immunization of mice, can be
suppressed by i.v. preimmunization with irradiated allogeneic
spleen cells. Others have shown, using a similar approach, that
preimmunization with haptenated syngeneic lymphoid cells
(19, 20), irradiated allogeneic lymphoid cells {21), or a high
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dose of heterologous erythrocytes {22, 23) also leads to a state
of suppression of DTH. Furthermore, i.v. prelmumunization with
irradiated allogeneic lymphoid cells can prolong skin allograft
survival {24).

Previcusty, we developed a DTH assay that can be used to
measure the development of antihost effector T cells during
GVH reactions (25). This assay is based upon transfer of
lymphoid cells from irradiated mice with GVH disease at dif-
ferent intervals after the irradiation and the transplantation of
allogeneic lymphoid cells. The secondary recipients used are
syngeneic to the original donor. These secondary recipients,
which thus had received GVH-activated lymphoid cells, were
challenged in the dorsum of the right hind feet with spleen
cells syngeneic to the mice subjected to GVH. The subsequent
DTH response was calculated by measuring the difference in
thickness of the hind feet of the challenged secondary recipi-
ents. In the present study we investigated whether suppressor
T cells induced by i.v. preimmunization of donor mice with
irradiated allogeneic lymphoid cells can also suppress the an-
tihost DTH response during acute and delayed GVH reactions.

MATERIALS AND METHODS

Animals. (C57BL/RijxCBA/Rij)F; (H-2*) female mice, 10~
40 weeks old, and BALB/c {H-2%) female mice, 10-16 weeks
old, were bred at the Laboratory Animals Centre of the Erasmus
University, Rotterdam, the Netherlands. DBA/2 (H-2%) male
and female mice, and (BALB/cxDBA/2)F, (H-2% female mice,
all 8-25 weeks old, were purchased from the Radiobiological
Institute TNO, Rijswilk, The Netherlands, and from QLAC
14d., Bicester, United Kingdom. B10.5¢%n (H-2%, B10.BR (H-
24, B10.D2 (H-2%), BALB.B (H-2°), BALB K (H-2, (BALB/
cxBALB.KJF; (H-2¢%), ATL (H-2"), A TH (H-2%), B10.A (H-
2°), B10.AQR (H-2*'} and B10.T(6R) (B-2%) female mice, 8-
14 weeks old, were purchased from OLAC Ltd. AKR (H-24
and C3H/Tif (H-2*) female mice, 10-2¢ weeks ¢ld, were pur-
chased from Bomholtgard, Ry, Denmark. A.AL (H-2*) female
mice, 20 weeks old, were obtained from Yeda, Rehovot, Israel.
(B10.D2XB10.BR)F, (H-2%%) and (B10.D2xB10.5cSn)F, (H-
29 female mice were bred at our own laboratory. When mice
of both sexes were used within one experiment, the combina-
tions were always chosen in such a way that anti H-Y responses
were impossible,

Preparation of cell suspensions. Mice were killed with cathon
dioxide. Tramediately after killing, the organs to be used
(spleens and inguinal, axillary, and mesenteric lymph nodes)
were removed, placed in a balanced salt solution {BSS) and
sgueezed through a nylon-gauze filter to provide a single-cell
suspension. Bone marrow cells were collected by flushing fe-
murs and tibias with BSS. Nucleated cells were counted with a
Couiter counter, Model B. The cell suspensions obtained con-
sisted of at least 90% viable cells.

Irradigtion. The recipient mice received 750 rads of whaole-
body X-irradiation, except BALB/c and DBA/2 mice, which
received 600 rads, [rradiation was performed in a Philips Miller
MG 300 X-ray machine. The physical constants of the irradia-
tion have been described elsewhere (25). All radiation control
mice died from 14-21 days after irradiation. Spleen cell suspen-
sions were irradiated with 2000 rads in the same machine.

GVH reactions. Acute GVH reactions were elicited by iv.
injection of 1 X 107, 2 x 107 or 5 % 107 nucleated allogeneic
spleen cells into lethally irradiated recipients within 4 hr of
irradiation. Delayed GVH reactions were induced by 1 x 107
nucleated allogeneic bone marrow cells.
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Suppression. Suppressor cells were induced by one L.v. injec-
tion of 5 x 107 irradiated (2000 rads} allogeneic spleen cells 4
days before these mice were used as donors of spleen or bone
marrow cells, Nonsuppressed mice had been injected with the
same number of irradiated syngeneic cells.

Assay for DTH. An outline of the set-up used to determine
the antihost DTH reactivity in GVH is given in Figure 1. At
various intervals after Lv. injection of spleen or bone marrow
cells into lethally irradiated allogeneic mice, the recipient
spleens and mesenteric and peripheral lymph nodes were re-
moved, pooled, and prepared for a single-cell suspension. These
cells were transferred into naive secondary recipients syngeneic
to the donors of the spleen or bone marrow cells that induced
the GVH reaction. At 30 min before transfer, the secondary
recipient mice had been injected i.p. with 15 U heparin (Li-
quémine, Hoffmann-La Roche & Ceo., Ltd.) to prevent embo-
lism. The gsecondary recipients were challenged in the dorsum
of the right hind foot with 2 % 10" spleen cells syngeneic to the
irradiated recipients. The DTH response to this challenge was
measured as the difference in thickness of the hind feet 24, 48,
snd 72 hr later. The specific increase in foot thickness was
calculated as the relative increase in foot thickness of the
secondary recipients minus the relative increase in foot thick-
ness of contrel mice that only received the challenge. The
swelling of the control mice ranged from 15 to 25%.

RESULTS

Suppression of antihest immune reactivity during acute GVH
reactions. To investigate whether GVH reactions can be sup-
pressed by suppressor T cells, we used the same protocol for
induction of suppressor T cells that has proved to be effective
in inducing suppression of host-versus-graft immune responses
{18). Thus, the donor mice were pretreated by Lv. injection of
syngeneic or allogeneic irradiated spleen cells. Donors pre-
treated in this way are referred to as nonsuppressed and sup-
pressed mice, respectively. Acute GVH reactions were evoled
by Lv, injection of nonsuppressed or suppressed spleen cells
into lethally irradiated allogeneic mice. The antihost immune
response was measured in the DTH assay at various intervals
after irradiation and reconstitution.

GVH reactions svoked by transfer fo nonsuppressed DBA/2
spleen cells into {C57TBLXCBAJF, mice showed a peak antihost
D'T'H response at 5 days after irradiation and reconstitution.
After reconstitution with suppressed spleen cells, however, a
marginal response wes found (¥Fig. 2). This difference was not
only observed at 24 hr after challenge, but alse at 48 and at 72
br (data not shown), indicating that the suppression was not
due to an altered kinetica of the DTH response in the secondary
recipients,

We have shown elsewhere that during acute GVH reactions

primary
recipient B

rad {

secondary recipienti
syngeneic to A

¥ days 24 hr anti-B
i T H
lymphold cell response
\\ transfer (Lv.)

inoculum & challenge with
22107 spleen cells

syngeneic 1o B

FiGURE 1. Scheme of the experimental system used to demonstrate
GVH-related DTH reactivity against host histocompatability antigens.



BRILET AL.

1 SPECLFIL INCREASE
FOOT THICKNESS

B0 o

NON-SUPPRESSED

SUPPRESSED

04

0 3 5 T 10
DAYS AFTER IRRADIATION AND RECONSTITUTION
FiGURE 2. Development of antihost DTH reactivity in lethally ir-
radiated {C57TBL=CBA)F; mice inoculated with 1 X 107 spleen cells
from suppressed or nonsuppressed DBA/2 mice. DTH responses were
measured 24 hr after challenge. Each experimental point represents
the arithmetic mean £ 1 SEM of 6-18 mice.

only H-2l and Mls-locus-coded antigens can evoke antihost
DTH responses, and that other histocompatibility antigens can
induce an amplification of this response (26, 27). Different
classes of histocompatibility antigens can induce different im-
munological activities. 50 we Investigated whether H-21 and
MIs-locus-coded antigens were alse able to induce suppression
of GVH-related DTH reactivity, For H-2I this was done in
donoer-recipient ¢combinations of A TH and A.TL mice. Figure
3 {upper part) shows that preimmunization of the donors with
H-2I incompatible irradiated spleen cells indeed effectively
suppressed the antihost DTH response to these antigens. Sim-
ilarly, preimmunization of BALB/c and C3H mice with irradi-
ated spleen cells incompatible for the Mls locus (and several
other non-H-2 loci) led to a severely suppressed GVH-related
DTH response to the relevant Mls-locus-coded antigens (Fig.
3, lower part).

Suppression of antihost immune reactivity during delayed
GVH reections. Antihost D'TH reactivity also occurs after bone
marrow transplantation into irradiated allogeneic recipient
mice {28). Intravenous preimmunization of the donors with the
relevant allogeneic irradiated spleen cells reduced the capacity
of their bone marrow cells to induce a delayed GVH-related
DTH response. Thus, irradiated (C57BLXCBA)F; mice recon-
stituted with 1 X 107 bone marrow cells from suppressed DBA/
2 mice showed a lower antihost DTH response than mice
reconstituted with nonsuppressed bone marrow cells (Fig. 4).

Specificity of suppresston of antihost immune reactivity. Else-
where we have shown that the suppression of antihost DTH
reactivity resulting from i.v. preimmunization of the donors is
mediated by suppressor T cells {29). The specificity of this T-
cell-dependent suppression was studied at two different levels:
{A) the activation of the suppressor T cells, and (B) the
suppressive effect by the suppressor T cells once they are
activated.

The specificity of activation of the suppressor T cells was
investigated by iv. preimmunization of the donors with irra-
diated allogeneic spleen cells of a particular H-2 haplotype, and
subseguent investigation of the GVH-related DTH reactivity
in recipients of another H-2 haplotype. Thus, BALB/¢ mice
were pretreated with irradiated BALB/c, BALB.B, or BALB.K
spleen cells i.v., and were subsequently used as donors of spleen

cells to induce GVH in irradiated BALB.B and BALB.X recip-
ients. Five days after irradiation and reconstitution the antihost
immune reactivity was determined. It was found that spleen
celis from BALB/c mice suppressed to BALB.B or BALB.K do
not react against BALB.B and BALB.K recipients, respectively
(Fig. 5, upper part). However, BALB/c mice suppressed to
BALB.K did respond to BALB.B. Similar data were obtained
in experiments with B10.D2 donor mice and B10.5cSn and
B10.BR recipients {Fig. 5, lower part). So, H-2 identity is
required between cells used to induce the suppressor T cells

LV RREWM.  IRA HOST P eguome VSPECIFIC INCREASE FOOT THICKNESS

AL A TH el o "_-
aTL m s el —*

ath ATt o —
ate oA AT e F

saae 1AL 0BA 1IF, s |

ealeic  oB4n IBALBre £ BRAIF, e i

[ - axe 25 T T
L AKR AxR LTS D

< m ] w

FiGURE 3. Antihost DTH reactivity in lethally irradiated A.TL and
A.TH mice inoculated with 2 > 107 spleen cells from suppressed or
nonsuppressed A.TH and A.TL mice, respectively (upper part), and
antihost DTH reactivity in lethally irradiated (BALB/cxDBA/2)F,
and AKR mice inoculated with 5 x 107 spleen cells from suppressed or
nonsuppressed BALB/c and C3H/Tif mice, respectively (lower part).
DTH responses were determined in a transfer system 5 days after
reconstitution, and measured 24 hr after challenge. Each horizontal
bar represents the arithmetic mean = 1 SEM of 6-12 mice,
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FigURE 4, Development of antihost DTH reactivity in lethally ir-
radiated (CA7TBLxCBAJF, recipients inoculated with 1 x 107 bone
marrow celis from suppressed or from nonsuppressed DBA/2 mice,
DTH reactivity was determined in a transfer system at various intervals
after reconstitution, and measured 24 hr after challenge. Each experi-
mental point represents the arithmetic mean + 1 SEM of & mice.
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FIGURE 5. Specificity of suppressor T cells activated by i.v. injection
of irradiated spleen cells of different H-2 heplotypes. BALB/c mice
were preimmunized with BALB/e, BALB.B, ar BALB.X apleen cells.
Four days later 2 X 10" spleen cells from these pretreated BALB/c mica
were used to reconstitute irradiated BALB.B and BALB.K mice. Ac-
cording to the same schedule, B10.D2 mice were injected iv. with
B10.D2, (B10.D2xB10.BRIF, or (B10.D2xB10.5:Sn)¥, irradiated
spleen cells. Four days later 5 x 107 splean cells from these pretreatsd,
Bi0.D2 mice were used to reconstitute lethally irradiated B10.S¢Sn
and B10.BR recipients. In all groups of mice the antihost DTH reac-
tivity was determined in a transfer aystem 5 days after reconstitution
of the recipients. DTH responses were measured 24 hr after challenge.
Each horizontal bar represents the arithmetic mean + 1 SEM of 6
mice.

and the irradiated recipienis in order to ensure optimal aup-
pression (Le., the suppressor T cells are antigen-specific).

The specificity of the suppressive effect by activated sup-
pressor T cells was studied by using spleen cells from BALB.B
mice suppressed to BALB/c to reconstitute irradiated (BALB/
cxBALB.K}IF, mice. These recipients have, in addition to the
H-2% antigens of BALB/¢ that induced the suppressor T cells,
third party H-2* antigens of BALB.X origin. It was found that
the reaction against the bystander H-2"alloantigens was effec-
tively suppressed {Fig. 8). The same result was obtained in a
set-up with A.TH, A'TL, and A.AL mice that were used to
investigate the influence of suppressor T cells induced by H-
2K upon the GVH-related anti-H-21 DTH 1esponse (Fig. 7).
Thus, antigen-specific (Fig. 5) suppressor T cells are capable
of nonspecific suppression of GYH-related DTH to a complete
H-2 haplotype (Fig. 6) as well as to H-2I alloantigens (Fig. 7},
provided that these antigens are presented as bystanders to the
alloantigens that had induced the suppressor T cells.

Preimmunization i.v. with particular H-2 alioantigens could
als0 suppress the GV -related DTH response to a challenge of
completely different F-2 alloantigens, provided that both sets
of alloantigens were inherited by the irradiated recipient mice
[Fig. 6, third bar). This shows that the suppressor T cells
inhibit the GVH-related D'TH response by suppression of the
induction of the antihost DTH reactivity,

DISCUSSION

This study shows that iv. injection of mice with irradiated
allogeneic Iymphoid cells induces the generation of antigen-
specific suppressor T cells that are capable of suppressing the
antihost DTH response in GVH disease. This is in agreement
with the results obtained by other laboratories: e.g., DTH to
hapten-modified syngeneic (19, 20) and allogeneic (21} lym-
phoid cells and heterologous erythrocytes (22, 23) can be sup-
pressed by preimmunization using the iv. route. Similar sup-
pressive effects of i.v. preimmunization have been shown in
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contact sensitivity (30, 31) and transplant rejection (24, 32).
Furthermore, Halle-Pannenko et al. (33, 34) have shown that
mortality attributable to GVH can be delayed and reduced by
treating the donors with soluble recipient H-2 alloantigens.
Both the delay of mortality and the cumulative mortality were
found to depend on the dose of soluble H-2 antigens used to
preimmunize the donors {33). Furthermore, their studies
showed (34) that lethal GVH reactions to minor histocompat-
ibility antigens could be decreased by simultaneous immuni-
zation of the donors with H-2 and non-H-2 alloantigens. This
decrease varied as & function of the H-Z haplotype used for
preimmunization. It is not cleer from the studies of Halle-
Pannenko et al., however, whether suppressor T' cells are in-
volved in the delay and reducticn of mortality that they ob-
served,

Van Bekkum and Knaen-Shanzer {(35) described suppression
of GVH disease in mice by T lymphocytes. They grafted lethally
irradisted mice with semialiogeneic bone marrow and spleen
cells, and observed acute GVH disease with 100% mortality
within 12 days. However, when thymus cells of 4-6-day-old
mice were added to the graft, the mortslity was reduced and
delayed. This suppressive affect was proved to be mediated by
T cells.
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¥iGURE 8. Capacity of spleen cells from suppressed donors to sup-
press the GVH-related DTH reactivity to bystander H-2 slloantigens.
BALB.B donor mice were preimmunized with BALRB/c, BALB.B, or
(BALB/cxBALB.K)F,; irradiated spleen ceils. Four days tater 2 X 107
spleen cells from these suppressed donors were used to reconstitute
Jethally irradiated {(BALB/exBALB.X)F, mice. Five days after irradia-
tion and reconstitution the antihost DTH resctivity was determined
by challenging secondary recipients with (BALB/cXBALB.K)F, or
BALB.K spleen cells. DTH responses were measurad 24 hr after
challenge. Each horizontal bar represents the arithmetic mean + 1
SEM of 6 mice.
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FiGURE 7. Specificity of the suppressive effect mediated by sup-
pressor T cells. A.AL donors were Lv. preimmunized with A.TH, A.AL,
or A.TL irradiated spleen cells. Four days later, 2 x 107 spleen celis
from these donars were transferred into lethally irradiated A. TH mice.
Five days after reconstitution the antihost DTH reactivity was deter-
mined. The H-2 subregion differences are shown in parentheses. See
the legend to Fig. 6 for further experimental details.
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We have previously shown that the iv.-induced state of
suppression that regulates host-versus-graft and GVH DTH
responses is due to suppressor T cells (29, 36). Here we show
that these suppressor T tells are antigen-specific as far as their
activation is concerned (Fig. 5), but that they can also suppress
the reaction against unrelated bystander antigens (Figs. 6 and
7). In the literature, nonspecific T-cell-dependent suppressive
effects have been demonstrated in vivo (37) and in vitro (17,
14-17), The generation of this activity depends upon complex
interactions of three sets of suppressor T cells in a regulatory
circuit under control of IgH and H-2 genes (38, 39). Freeno et
al. (15-17) have isolated an antigen-specific suppressor factor
from continuously growing suppressor T cell clones, This factor
wag found to be a protein which, after interaction with antigen,
breaks down into two peptides of 45,000 and 24,000 mol. wt.
The former unit suppressee both antigen-specific and other
Lyt-14 T cells.

Lizw, using high antigen doses and cyclophosphamide to
induce suppressor T cell activity, has shown that suppression
of BTH to H-2 subregion products can only be induced if the
H-2 incompatibility includes the I-J subregion. The suppressor
T cells induced in that way are antigen-specific, recognize the
allo-I-J molecules, and suppress the DTH response to other H-
2 subregion products if these are presented on the same cells
as the allo-1-J determinants (40). The suppressor T cells acti-
vated by our protocol de not need to recognize alle-I-J deter-
minants {this is in contrast to the data presented in Fig. 3,
lower part).

The observation that hone marrow cells from suppressed
mice mediate only a marginal delayed antihost DTH re-
sponse~—in contrast to bone marrow cells from nonsuppressed
mice—auggests that activated suppressor T cells can also lo-
calize in the bone marrow. This property is not unique for
activated suppressor T cells, It has been reported by others
that long-lived T cells (47, 42) and effector T cells for PTH
{43, 44} and contact sensitivity (45)—as well as T cells involved
in the rejection of xenogeneic tumor transplants (46)~have
this tendency to localize in the marrow.
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SUMMARY

Subcutanecus {sc) immunization of mice with allegeneic spleen
cells can induce delayed type hypersensitivity (DTH) to both major
and minor histocompatibility antigens. Intravencus (iv) immunization
with allogeneic spleen cells, on the other hand, induces a poor state
of DTH, Furthermore, 1v immunization with allegeneic spleen cells,
especially if they have been irradiated, induces suppressor T lympho-
cytes. These suppressor T cells are capable of suppressing the Host~
versus~Graft (HvG) DTH reactivity which normally arises after sc
immunization. Moreover, they can suppress the development of anti-
host DTH effector T cells during Graft-versus-Host (GvE) reactions.
These models for HvG and GvH DTH reactivity were used to study the
influence of 2'-decxyguanosine (dGuo) and guanosine (Guo) on the
generation of DIH reactive T cells and suppressor T cells jin vivo,
It was found that daily intraperitoneal (ip) administratiom of 0.01
mg dGuo to iv immunized mice partially prevented the generation
of suppressor T cell activity, while daily administration of 0.1 or
1 mg dGuo resulted in a complete abolition. Administration of dGuo
has no effect on the anti-host DTH reactivity by spleen cells from
nonsuppressed donors except a daily dose of 10 mg. This dose proved
to be toxic for precursors of DTH effector T cells. Daily ip
injection of Guo had neither an effect on the generation of
suppressor T cells, nor on the generation of DTH effector T cells.
The effect of dGuo was found to be due to a direct effect on

suppressor T cells and not to the induction of contrasuppressor
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cells. These data suggest a differential sensitivity of DTH reactive
T cells and suppressor T cells for dGuoc.

Since suppressor T cells and DTH reactive T cells require
proliferation for expressing maximal functional activity in the
systems employed, both cell types probably have different enzyme
activities invelved in the purine metabolism. Probably, both cell
types have similar deoxycytidine kinase activities but different
nuciectidase (5'NT) activities, that in suppressor T cells being the
lowest. If so, suppressor T cells will accumulate dGTP, which causes
an inhibition of the ribonucleotide reductase activity and thus of

the DNA synthesis by these cells.

INTRODUCTION

Since the criginal observation of Giblett and coworkers (1,2),
it has been firmly established that deficiencies for the enzymes
adenosine deaminase {ADA) and purine nucleoside phosphorylase
(PNP)} are the underlying causes of certain immunodeficiency
diseases, A number of hypotheses have been put forward to relate
the lymphocyte dysfunction to the biochemical abnormalities,

One hypothesis states that deoxyadenosine and deoxyguanosine in ADA
and PNP deficient patients, respectively, are not metabolized but
are excreted instead into the plasma by dividing non-iymphoid cells.
The deoxynuclecosides are selectively trapped by lymphocytes with
high levels of deoxycytidine kinase and low levels of intracellular

deoxynuclectidase, Because nucleotides do not traverse the plasma
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membrane, deoxyadenosinetriphosphate (dATP) and deoxyguancsine=
triphosphate (dGTP) progressively accumulate intracellularly and
consequently inhibit the enzyme ribonuclectide reductase and
therefore DNA synthesis (3).

Gelfand et al. (4) have described that antigen—induced human
suppressor T cell activity in vitio was abrogated by micromolar
concentrations of dGuo. Helper T cells and precursor B lymphocytes
were found to have a more than 1,000-fold higher resistance to dGuo.
Also in vivo generated murine suppressor T cells, capable of
abrogating the antibody forming cell (PFC) response to TINP-cvalbumin,
were selectively inhibited by dGuo, in contrast to the helper T
cells (5}, However, from these studies it is not clear whether dGuo
inhibits the proliferation, the differentiation and/or the activity
of suppressor T cells,

Also the question has not been answered whether the prolifaration of
helper T cells is sensitive to dGuo,

The purpose of the present study was te investigate whether
dGuo was capable of abrogating the proliferation-dependent induction
of murine DTH effector T cell activity and suppresscr T cell activity
in vivo under both Host-versus~Graft (4vG) and Graft-versus~Host
(GvH) conditions. Under these conditions, the activation of T cells
by histocompatibility antigens can be measured in a delayed type
hypersensitivity (DTH) assay {(6,7). The responses measured in this
assay are determined by the activities of both DTH effector T cells,
that are probably identical to helper T cells (8), and suppressor

T cells.
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MATERTALS AND METHODS

Mice. (C57BL/Rij x CBA/Rij)Fl (H—Zb/q), BALB/c (H-Zd) and Bl0.A
(H—Za) female mice, 10 to 2(0-week-o0ld, were bred at the Laboratory
Animals Center of the Erasmus University, Rotterdam, The Netherlands.
DBA/2 (H—Zd) female mice, 10 to l6-week-old, were purchased from the
Radiobiological Institute TNO, Rijswijk, The Netherlands, the Medical
Biological Laboratory TNO, Rijswijk, and OLAC Ltd., Bicester, United
Kingdom. A/J (H—Za) female mice, 10 to l6~week-cld, were purchased

from OLAC Ltd,

Preparation of cell suspensions. Mice were killed using carbon

dioxide. Immediately after killing, the lymphold organs (spleen and
inguinal, axillary and mesenteric lymph nodes) were prepared for
single-cell suspensions in a balanced salt solution (BSS) as
described previously (7). Nucleated cells were counted with a Coulter

counter Model B.

Irradiation. For lethal irradiation ¢f mice, a dose of 7.5 Gy whole
body X-irradiation was applied, generated in a Philips Miiller MG 300
X-ray machine as described previcusly (7). Radiation control mice
died within 16 days. Spleen cell suspensions were irradiated with

20 Gy in the same machine as used for irradiation of the mice.

Host~versus—Graft reaction. Responder mice were subcutaneously {(sc)

immunized with 1 x 107 unirradiated nucleated allogeneic spleen

cells, suspended in a volume of 0.1 ml BSS.
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These cells were equally distributed over both inguinal areas. In
previous papers (6,9) we have shown that immunization with H-2 and
non~H~2 alloantigens according to this procedure induces maximal DBTH

responses.

Acute Graft-versus-~Host reaction. Acute GvH were elicited by

intravenous (iv) injection of 1 x 107 nuecleated spleen cells into
lethally irradiated allogeneic mice within 4 h after irradiatiom.

The cells to be injected were suspended in a volume of 0.5 ml BSS.

Assay for delayed-type hypersensitivity, The DTH assay for measuring

HvG and GvH immune reactivity has been described in detail in
previous papers (6,7). HvG DTH responses were elicited in previously
immunized mice {see above)} by sc¢ injection of a challenge dose of
2 x 1G7 unirradiated allogeneic spleen cells into the dorsum of the
right hind foot. The DTH response te this challenge was measured as
the difference in thickness of the hind feet 24 h, 48 h and 72 h
later. In the figures, the 24 h values are presented. The DTH
responses at 48 and 72 h were in harmony with those at 24 h, but
lower. The specific increase in foot thickness was caleculated as the
percentage increase in foot thickness of the immune mice minus the
percentage increase in foot thickness of control mice which only
received the challenge. The increase in foot thickness of these
challenged control mice varied between 15 and 25%.

For measuring the anti-host DTH reactivity under GvH conditions

a number of cells equivalent to the tetal cell yield obtained from
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spleen, inguingl, axillary and mesenteric lymph nodes from an
irradiated and reconstituted recipient mouse was transferred iv into
a normal secondary recipient syngeneic to the original spleen donor
mouse 5 days after recomstitution. Thirty minutes before transfer,
the secondary recipient mice were intraperitoneally (ip) injected
with 15 U heparin (Liquémine, Hoffman-La Roche & Co. Ltd., Basel,
Switzerland) to prevent embolism. The secondary recipient mice were
challenged into the dorsum of the right hind foot with 2 x 107
unirradiated spleen cells, syngeneic with the irradiated recipients.
The subsequent DTH response was measured and calculated as described

above for HvG DTH responses. Fig. I shows the set up of the GvH DTH

assay.

primary secondary recipient
recipient B syngeneic to A

750 5 rad

24 hr anti- B
I H
response

X days

lymphoid cell
transfer (i.v.)

inoculum A chalienge with
2 x107 spleen ceils
syngeneic to B

Fig. 1. Scheme of the experimental set up used to determine the
GvH-related DTH reactivity against host histccompatibility antigens.

Induction of suppression. Alloantigen-specific suppresser T cells

were induced by a single iv injection of 5 x 107 irradiated (20 Gy)
spleen cells of the appropriate allogeneic mouse strain, as described
previously (1Q,11). Control mice received a dose of 5 x 107

irradiated syngeneic spleen cells.
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Drug treatment, Deoxyguanosine (dGuc), no, D-9125, grade II, was

purchased from Sigma Chemical Company, Saint Louis, Missouri, USA.
Experimental mice received ip injections of 0.001, 0.01, 0.1, 1 ox
10 mg dGuo in CG.5 ml BSS, Control mice received BSS only. One half to
10 h following a single injection of 1 mg dGuo, serum levels of
0.2-0.3 pM dGuo were measured by high performance liguid
chromatography (HPLC).

Guanosine (Guo), 2965H, C-136, was purchased from Koch-Light
Laboratories Ltd., Colnbrook, Berkshire, United Kingdom. Experimental
mice received ip injections of 0.001, 0.01, 0.1, 1 or 10 mg Guo in
0.5 ml BSS. Control mice received BSS only.

The schedules of drug treatments in relation to the
immunizations and DTH assay are indicated in the legends to the
figures,

RESULTS

The influence of dGuo on the development of murine DTH effector
T cells and suppressor T cells was studied under HvG and GvH
conditions, Suppressor T cells were induced by the protecol that
previously was shown to be effective in suppression of HvG and GvH
immune responses (10,11). Thus mice were iv immunized with the
relevant alloantigens ('suppressed') several days before induction
of HvG DTH or before using the mice as donors of spleen cells for

induction of GvH in lethally irradiated allogeneic recipients.
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Influence of different doses of dGuo and Guo upon the induction of

DTH effector T cells and suppressor T cells

The effect of different doses of dGuo and Guo upon the generation of
DTH effector T cells and suppressor T cells was studied under GvH
conditions. Therefore, B10.A donor mice were suppressed by means of
an iv injection of irradiated (C57BL z CBA)F1 spleen cells. Control
B10.A mice received an iv injection of irradiated syngeneic spleen
cells. Subsequently, both groups of mice received four daily
injections of different doses of dGuo or Gue (0.001, 0.0, 0.1, 1 or
10 mg). On the fifth day, the spleen cells of these mice were used
to elieit GvH reactions in lethally irradiated (C57BL x CBA)F1
recipients. Five days after irradiation and reconstitution the
anti-host DTH reactivity was determined as described in the section
'Materials and Methods'. Fig. 2 (upper part) shows that dGuo
treatment of the spleen cell donors did not affect the development
of anti-host DTH unless a dose as high as 10 mg dGuo was given per
day (upper line),

The iv induced suppression, on the other hand, was abrogated by much
lower doses. This abrogation cculd be detected partially when 0.01 mg
dGuo was used and was maximal when the donors were treated with 0.1
or 1 mg dGuo per day (lower line).

Fig. 2 (lower part) shows the results when Guo instead of dGuo
was administered to the non-suppressed and suppressed denor mice.
Guo did neither affect the generation of anti-host DTH reactivity
(upper line) nor the iv induced suppression (lower line), at least

not within the dose range tested.
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Fig, 2. Effect of different doses of dGuo (upper part) and Guo
(lower part) upon the generation of suppresscr T cells and precursors
of DTH reactive T cells as determined in the GvH-related anti-host
DTH response. B10.A donor mice were used to elicit GvH reactions in
lethally irradiated (C57BL x CBA)F1 mice. Four days before their use
as donors, the 310.9 mice were either suppressed by means of an iv
injection of 5 x 10" irradiated (20 Gy) (C57BL x CBA)Fl spleen cells,
or injected with the game dose of irradiated syngeneic spleen cells,
These suppressed and non-suppressed donors were subsequently treated
with either 0.001, 0.01, 0.1, 1 or 10 mg dGuo, Guo or BSS ip for four
days. The anti-host DTH reactivity was determined on the fifth day
after irradiation and reconstitution. Values represent the arithmetic
mean of the DTH response t 1 SEM (n=6).
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The GvH related DTH response by non-suppressed spleen cells can
be reduced by simultaneously transferred suppressed spleen cells
(11). We used this set up to substantiate that dGuo indeed affects
the develepment of suppressor T cell activity. Fig. 3 shows that
suppressed spleen cells from mice treated with dGuo (1 mg per mouse)
for 4 days, are no longer capable of inhibiting the respomse by
non-suppressed spleen cells. This result was found in both

combinations tested, namely BALB/e- B10.A and DBA/2-(C57BL x CBA)F1.

I.¥. PREIMM.OF DONOR MICE TREATMENT OF DONORS % SPECIFIC INCREASE FOOT THICKNESS
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Fig. 3. Influence of dGuo treatment of the allogeneic spleen cell
donors upon the anti-host DTH reactivity in lethally irradiated B10.A
{upper part) and (C57BL x CBA)F] mice (lower part). The resipient
Bi0.A and (C57BL x_CBA)}Fl mice were incculated with 1 x 10
suppressed, 1 x 10 non=-suppressed or 1 x 10" suppressed plus 1 x 10
non-suppressed BALB/c or DBA/2 spleen cells, respectively. Anti-host
DTH reactiivity was determined six days after irradiation and
reconstitution. The interval between induction of suppression in the
donors and their use for recomstitution was four days.

The dGuo treatment consisted of 1 mg per mouse per day. Aati-host DTH
reactivity was determined on the sixth day after irradiation and
reconstitution, Values represent the arithmetic mean of the DTH
response * 1 SEM (n=6).

7
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The data presented thus far suggest that dGuo directly affects
suppressor T cells. However, other possibilities may exist, e.g., the
induction of centrasuppressor cells (12). To investigate this possi-
bility,rseveral combinations of spleen cells from dGuo or BSS~treated
non-suppressed and suppressed mice were used te reconstitute lethally
irradiated allogeneic mice. Fig. 4 shows that suppressed cells from
BSS-treated mice can suppress the reactivity of simultaneously
transferred non-suppressed spleen cells (third bar). When suppressed
cells from BSS-treated mice were combined with suppressed cells from
dGuo treated mice a clear suppression was found (fifth bar).

The reverse should have been the case when contrasuppressor cells had
been induced. In this experiment the dGuo was very potent iIn

abrogating the suppressive effect (fourth and six bar).

{.V. PREIMM OF DONCR MICE TREATMENT OF DONORS % SPECIFIC INCREASE FCOT THICKNESS

NO BSS %
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Fig. 4. Direct influence of dGuo on suppressor T cells. Suppressed
and non-suppressed saleen cells were obtained from B10.A mice iv
injected with 5 x 10" irradiated (C57BL x CBA)F] spleen cells.
During 4 days after the iv injection the mice were treated with
either dGuo or BSS. Various combinations of spleen cells from such
B10.A mice were used to induce GvH reactions in lethally irradiated
(C57BL x CBA)F1 recipients. Anti-host DTH reactivity was determined
six days after irradiation and reconstitution. The interval between
induction of suppression in the donors and their use for reconsti-
tution was four days. The dGuo treatment consisted of 1 mg per mouse
per day. For other experimental details see Fig. 3,
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Influence of dGuo upon the induction of DTH effector T cells and

suppressor T cells regulating HvG DTH responses

To study the effect of dGuo and, as a control, Gue upon the generatior
of DTH effector T cells, (C57BL x CBA)FI mice were sc immunized with
E-2 and non-H-2 incompatible DBA/2 spleen cells, daily injected with
dGuo or Guo, and challenged with DBA/2 spleen cells 6 days after the
sc immunizaticn. It appeared that neither Guo nor dGuo inhibited the

primary DTH respomnse to these allogeneic spleen cells (Fig. 5, upper

part).
RESP. STRAIN 5.C. IMMUNIZATION TREATMENT % SPECIFIC INCREASE FOOT THICKNESS
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Fig. 5. Influence of dGuo and Guo upon the generation of DTH effector
T cells and suppressor T cells as determined in the HvG DTH response.
The effect upon the generation of DTH effector T cells (upper7part)
was studied in (C57BL x CBA)Fl mice, sc immunized with 1 x 10

DBA/2 spleen cells. One mg dGuc in BSS, I mg Guo in BSS or BSS only
was administered daily from the day of sc immunization till the day
before challenge. The effect of dGuo and Guo upon the generation of
suppressor T cells {lower part) was studied in (C57BL x CBA)F1
responder mice, iv preimmunized with irradiated DBA/2 saleen cells.
Seven days later all mice were sc immunized with 1 x 10° DBA/2 spleen

cells.
In the latter experiments, all mice were treated with either 1 mg

dGuo in BSS, } mg Guo in BSS or BSS only from the day of iv
preimmunization till the day of sc immunization. All mice were

challenged with DBA/2Z spleen cells & days after sc immunization.

411 values represent the arithmetic mean of the DTH response t 1 SEM(n=6).
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Fig. 5, lower part, shows the effect of dGuo and Guo treatment
on the induction of suppressor T cells by iv administered irradiated
allogeneic spleen cells. Thus, (C57BL x CBA)F1 mice were iv injected
with irradiated H-2 and non-~H-2 incompatible DBA/2 spleen cells and
treated with Guo or dGuo for 7 days. Subsequently, all mice were sc
immunized with DBA/2 spleen cells and 6 days later the mice were
challenged. Suppression of the DTH response of (CS57BL x CBA)F1
responder mice against DBA/2 spleen cells was observed in the BSS-
treated control group. The dGuo treatment, but not the Guo treatment,
during the pericd between iv and sc¢ immunization, inhibited the
development of suppressor activity. However, the dGuo treatment did
not interfere with the generation of DTH effector T cells due te the
sc immunization. Apparently, the precursors of the DTH effector T

cells are insensitive tc treatment with 1 mg dCGuo per mouse per day.

Fig. 6 shows the influence of dGuo treatment upon the induction
of suppressor T cells by iv administered irradiated allogeneic spleen
cells using transfer of the suppressor cells to prevent any possible
interference of dGuo with DTH effector cells. Therefore, (C57BL x
CBA)F] mice were iv injected with irradiated H-2 and non-BE-2
incompatible DBA/2 spleen cells, and treated with dGuo for 4 days.
Subsequently, the spleen and lymph node cells were transferred to
syngeneic {(i,e., (C57BL x CBA)}Fl) recipients. These secondary
recipients were sc immunized with DBA/2 spleen cells immediately
after the cell transfer, and challenged 6 days later, Suppression of
the DTH response of (C57BL x CBA)Fl mice against DBA/2 spleen cells

was observed in the Guo and BSS-treated control groups. The dGuo

282



treatment inhibited the development of suppresscr activity to a large
extent. The same result was found in the H-2 compatible, but non-H-2
incompatible, Bl0.A~A/J combination (Fig. 6)}. Guo treatment did not

inhibit the development of suppressor activity.
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Fig., 6. 1Influence of dGuo upon the generation of suppressor T
cell activity as determined on the HvG DIH response. (C57BL x
CBA)Fl.,and B10.A mice were 'suppressed’, i.e., iv injected with

5 x 10" irradiated DBA/2 and A/J spleen cells, respectively.
During the following 4 days all mice were treated with either 1 mg
dGuo in BSS, 1 mg Guo in BSS or BSS only. After this period, the
spleen ané lymph node cells were transferred to syngeneic recipient
mice, which were s¢ immunized with DBA/2 or A/J spleen cells
immediately after transfer. Six days after immunization the mice
were challenged with DBA/2 and A/J spleen cells, respectively.
Values represent the arithmetic mean of the DTH response * 1 SEM
(n=6).

Influence of dGuc treatment of mice subjected tc GvE upon the

suppressor T cell activity regulating the anti-host DTH response

The effect of dGuo upon the proliferation and activity of DIH
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effector T cells and suppressor T cells was studied by dGuo treatment
of mice subjected to acute GvH. Non-suppressed as well as suppressed
donors were used to reconstitute the irradiated allogeneic
recipients, Four hours after reconstitution, the recipient mice
received their first ip injection of dGuo, followed by a daily

injection during 4 days.

SPLEEN CELL DONORS TREATMENT OF IRR. RECIPIENTS % SPECIFIC INCREASE FOOT THICKNESS

SUPPRESSED GGue — %
SUPPRESSED BSS |
NON-SUPPRESSED dGuo I
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0 20 40

Fig. 7. Influence of dGuo treatment of mice subjected to GvH upon the
anti-host DTH response. GvH was induced in le;hally irradiated

(C57BL x CBA)F] mice by inoculatijon of 1 x 10" spleen cells from
either suppressed or non-suppressed DBA/2 mice. Irradiated,
reconstituted mice were treated with 1l mg dGuo in BSS or BSS only

on day 0, 1, 2, 3 and 4 after reconstitution. On day 5 the mice were
tested for anti-host DTH reactivity. For other experimental details
see Fig. 3.

It was found that irradiated mice, reconstituted with spleen cells
from suppressed donors and treated with dGuo, displayed substantial
anti-host DTH reactivity, in contrast to the BSS-treated control
group (Fig. 7). Irradiated mice, reconstituted with spleen celis from
non-suppressed donors and treated with dGuo, responded as the control
group. S0, dGuo does not inhibit the anti-~host DTH effector T cells,

but does inhibit the further development and/or functional activity

of suppressor T cells in the irradiated recipients.
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DISCUSSION

In this paper we show that administration of dGuo, but not Guo,
inhibits the generation of murine suppressor T cell activity but not
the generation of DTH. The effect of dGuo seems to be a direct effect
on suppressor T cells and not an effect via contrasuppressor cells
since irradiated recipients incculated with spleen cells from iv
preimmunized allcgeneic mice treated with dGuo in combination with
spleen cells from iv preimmunized mice not treated with dGuo displayed
a suppressed response {Fig. 4). The reverse should have been the case
when contrasuppressor T cells had been induced.

Dose response studies showed that 0.001 up to 10 mg Guo does not
have any influence on the suppressed as well as the nonsuppressed
anti~host DTH (Fig. 2). In contrast, 10 mg dGuo, but not lower doses,
inhibited the nonsuppressed anti-host DTH and thus the generation of
DTH reactive T cells. The iv induced suppression, on the other hand,
could be abrogated by much lower doses: 0.01 mg dGuc already
inhibited the iv induced suppression, This 1000-fold higher
resistance to dGuo for DTH effector activity as compared with
supptesscr T cell activity was also reported by Gelfand et al. for
helper and suppressor T cells (4). It was concluded in that study
that all T cell proliferative events are susceptible to dGuo
toxicity. Apparently helper and suppressor T cells did not
necessarily differ in the activities of enzymes involved in the

purine metabolism, particularly deoxycytidine kinase and 5'NT.

285



These authors explained the differential effect of dGuo on helper T
cells and suppressor T cells by supposing that helper T cells, in
contrast to suppressor T cells, do not need to proliferate in order
to become functicnally active. In our models, however, beth
suppressor T cells and DIH reactive T cells require proliferation for
expressing maximal functional activity (13,14, Bril et al.,
submitted)}. Since administration of dGuo only affected the suppressor
T cell activity, our studies suggest a different enzymatic make~-up
with regard to the purxine metabolism.

In agreement with the hypothesis mentioned in the 'Introduction’
and the suggestion of Dosch (5) that precursors of suppressor T cells
have a purine enzyme pattern similar to thymocytes, our results can
be explained by assuming an accumulation of dGTF with a resultant
inhibition of ribonucleotide reductase and DNA synthesis in
suppressor T cells but not in DTH effector T cells. This explanation
assumes high deoxycytidine kinase and lLow intracellular
deoxynucleotidase activities in suppressor T cells. We suggest that
DTH effector T cells, on the other hand, have high deoxycytidine
kinase and deoxynucleotidase activities which prevent accumulation of
dGTP. In suppott of this view are the observations of Boss et al,
(15) and van Laarhoven et al. {16} that human suppresscr T cells have
lower 5'NT activities than helper T cells. Zachowski et al. (17)
reported that murine thymomas of helper T phenotype exhibited
distinct 5'NT activity, whereas thymemas of suppresscr T phenotype
lack 5'NT activity. However, Massaia et al. {18) showed higher 5'NT

activities in human suppressor T cells than in helper T cells.
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This apparent discrepancy was ascribed to the fact that in the latter
studies non-proliferating lymphocytes were investigated, while it was.
assumed that the 5'NT activity is related to the proliferative
activation of the different subsets of mature T lymphocytes. It must
be stressed, however, that Carson et al. (19) recently described a
soluble intracellular deoxynucleotidase activity which may be more
important than ecto-5'NT in protection from deoxynucleoside toxicity.
This intrvacellular deoxynucleotidase could be distinguished from and
correlated better with sensitivity to deoxyadenosine toxicity than
ecto-5'NT,

Massaia et al. (18) showed very similar kinase activities in
helper and suppressor T lymphocytes, which agrees with the notion
mentioned above that deoxycytidine kinase is abundantly present in
both human helper and suppressor T lymphocytes. It is not clear
whether something similar holds for murine DTH reactive T cells and
helper T cells, which are probably identical (8). Cloned murine
helper and suppressor T cells seem to be the appropriate material
for studies aimed to determine the relevant enzyme activities and
accumulation of purine metabolites after administration of Guo and
dGuo.

The observation that Guo has no effect merits attention. The
lack of similar effects of Gue as compared to dGuo in our in vivo
studies might be due to a differemt turnover of these
deoxynucleosides; As a consequence the intracellular concentration
of Guo, but not dGuo, in T cells might be too low te cause any

significant inhibition of suppressor T cell activation., Since the
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pharmacokinetics of Guo and dGuo in plasma are not well known, more

studies on these aspects are necessary.

Lelchuk et al. (20) have shown that after infestation of mice
with malaria parasites non-specific suppressor T cells are generated
which are capable of suppressing the DTH reaction to oxazolone.

This suppressor T cell activity was found to be abrogated by daily
treatment of the mice with 1 mg dGuo. In a subsequent study these
investigators showed that murine antigen-specific suppressor T cell
activity capable of suppressing the DTH response to sheep red blood
cells was not abrogated by dGuo (21). The latter results seem to
contradict our results and those of Dosch and Gelfand (22). The
crucial difference between the systems employed, however, seems to
be the requirement for proliferation of the T lymphocytes for the
expression of their function in our system and in that of Posch

and Gelfand. The finding by Lelchuk et al. (21) that non-specific
suppressor T cells induced by the mitogen concanavalin A, which non-
specifically suppress the IgM plaque~forming cell response ir vitro,

are dGuo sensitive, seems to suppert this notion.
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