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The notion of suppressing the immune response
emerged with the realization that its expression
could have deleterious effects. For example, im-
mune reactions against tissue antigens have been
implicated in the pathogenesis of auto-immune
diseases. Similarly, the reactions between cyto-
trophic antibodies of the immunoglobulin E type
and antigens such as grass pollens have been es-
tablished as the initiators of immediate hypersensi-
tivity states. In other circumstances the normal
functioning of the immune response may be unde-
sirable. Thus, the penetrating work of Levine and
his coworkers showed that Rh haemolytic disease of
the new born was the result of maternal anti-Rh
antibodies crossing the placenta and damaging fetal
erythrocytes. However, the current interest in im-
munosuppression derives its principal impetus from
the barrier which the immune response imposes on
the therapeutic transplantation of tissues and organs
between histo-incompatible individuals.
The prime function of the immune response is to

reject foreign material such as bacteria, viruses, and
tumours. Consequently its overall suppression is
fraught with the danger of infection and possibly
the failure to reject neoplastic cells unless it can be
made selective. The purpose of this article is to re-
view the progress which has been made towards the
goal of selective suppression of the immune re-
sponse. As immunosuppression depends on how
the immune response is contrived the one cannot be
considered in isolation from the other. According-
ly, immunosuppression is discussed in terms of the
current concepts of afferent, central, and efferent
phases of the immune response (see Fig. 1). In
this review immunosuppression is considered in
two parts (1) nonspecific suppression and (2) anti-
gen-specific suppression of the immune response.
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1 Immunosuppressive Agents
The first attempts to suppress the immune re-

sponse exploited the nonspecific effect of x-rays
(Salmonsen and Madson, 1898). During the next
60 years the immunosuppressive effect of drugs and
other agents was noted occasionally but it was the
advent of renal transplantation that pushed the
whole problem of altering immunological reactivity
to the fore. Initially the agents used were those that
had proved of value in cancer chemotherapy, for
example X-irradiation and radiomimetic drugs. To
these have now been added a great variety of drugs
and other agents which have gained their place in
the armamentarium primarily because they are good
immunosuppressive agents. As the use of these
agents became more widespread, it has become
apparent that while some agents are good at sup-
pressing one phase of the immune response (eg, pre-
sentation of antigen to immunologically competent
cells) they have little effect on other phases (eg,
antibody synthesis or the expression of cell-medi-
ated immunity). The same holds true for their
effect upon the two major divisions of immuno-
logical response: some suppress cell-mediated im-
munity more than antibody-mediated immunity.
Due to the fact that the introduction of many of

these agents was empirical, clinical and experi-
mental studies were carried out at the same time.
This is reflected in the arrangement of this section
of the review. The site(s) of action of immuno-
suppressive agents has and is being defined, and at
the same time they are being used as tools for the
dissection and analysis of the immune response.
The two will therefore be discussed together.
Practically, the essential requirement is for selec-
tive immunosuppressive agents, and so it is in-
creasingly important to be aware of the point in the
immune response at which they act. However,
some agents act at more than one point, and their
activity can only be considered in relationship to all
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the points at which they act. Therefore, these
agents will be discussed in groups not in relation to
the phase(s) of the response they suppress but
according to their mode of action or physical state.
There have been several exhaustive reviews on the
subject of immunosuppression (Gabrielson and
Good, 1967; Schwartz, 1968; Sorkin, 1969) and no
good purpose would be served by reviewing all the
agents used. Instead, emphasis will be placed upon
the main action of each group and how its members
may be used selectively (see Figs. 1 and 2).

X-Irradiation
This is one of the oldest methods of immuno-

suppression, and whole body X-irradiation was
used in the early days of renal transplantation.
Ionizing radiation stops or reduces the prolifera-
tion of cells probably due to damage to nuclear
proteins. Even if a cell is not dividing at the time

of irradiation the damage produced remains and
shows its effect when the cell subsequently attempts
to divide (Nettesheim, Makinodan, and Williams,
1967). Maximal depression of the immune re-
sponse is produced by irradiating the animal a few
hours to a few days before antigenic stimulation
(Berenbaum, 1962).

In animals, Hume and his coworkers (Hume et al,
1960) found it necessary to use 1500 R in order to
prevent graft rejection by irradiation alone, but the
use of this supralethal dose in man raised the addi-
tional problem of marrow grafts to replace the
lethally irradiated recipient marrow. Therefore,
for a time, sublethal irradiation was used in con-
junction with other immunosuppressive agents
(Hamburger et al, 1962). Sublethal X-irradiation
of the host was used for the first successful kidney
allograft in man (Merrill et al, 1960), but thereafter
this gave rise to so many problems that it too was

Fia. L.
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discontinued. Irradiation of the potential graft
site, transplanted organ, blood, and thoracic duct
has also been utilized as a means of immunosup-
pression. Hume et al (1964) gave local X-irradia-
tion to the site of the grafted kidney during the
first week after transplantation. Data from the
Transplant Registry indicates that locally irradiated
kidneys have a greater one year survival than those
not irradiated (Gleason and Murray, 1967).

Alkylating, Cytotoxic, or Radiomimetic Drugs
This group of drugs which share the ability to

alkylate amino, sulphohydroxal, and sulphide
groups, includes the nitrogen and sulphur mus-
tards, triethylenemelamine, and busulphan. Since
there is a multiplicity of such groups in biological
materials it is difficult to discern their primary site of
action, but they have been shown to block cell pro-
gression at the DNA synthetic (S) phase and the
premitotic G2 resting phase (Palm and Liss, 1966;
Wheeler, 1962 and 1967).
The immunosuppressive effects of alkylating

agents were first noted nearly 50 years ago. Hektoen
and Corper (1921) found that mustard gas sup-
pressed the precipitin and haemolysin response of
dogs and rabbits to sheep and rat blood. The term
'radiomimetic' was used to characterize the group
until a few years ago because their mode of action
appeared to resemble that of x-rays. Some mem-
bers of the group eg, busulphan do produce maximal
suppression of the immune response if given before
the antigen (cf, x-rays, p. 322), but this is not so for
most members of the group (Berenbaum, 1962).

Cyclophosphamide, a transport form of nitrogen
mustard, is a member of the latter subgroup. It
has attracted much attention recently because of its
proven immunosuppressive efficacy in man and
animals. It acts predominantly on the central
phase of the immune response. There is no evi-
dence that it affects the access of antigen to im-
munologically competent cells (afferent limb), and it
does not affect the functional capacity of macro-
phages (see Tripathy and Mackaness, 1969a). The
immunosuppressive effectiveness of cyclophospha-
mide depends on the timing of drug treatment rela-
tive to antigen injection. In rodents pretreatment
with cyclophosphamide suppressed the haemaglu-
tinin response to sheep erythrocytes (Santos and
Owens, 1964 and 1965; Dietrich, 1966). This is
probably because one of its effects is to produce a
decrease in the number of immunologically compe-
tent cells. However, cyclophosphamide produces
its maximum immunosuppressive effect when given
24 to 48 hours after antigen injection (Frisch and
Davies, 1965; Dietrich, 1966). This is not merely
due to its antimitotic activity as other antimitotic
agents (eg, colchicine) have little effect at this time
(Sterzl, 1961; Dietrich, 1966). Possibly the princi-
pal effect of cyclophosphamide is to impair the
metabolism of antigen-activated lymphocytes thus
preventing their differentiation and replication.
This is consistent with Turk's morphological analy-
sis (1964) of the cellular events in the draining lymph
node during the development of contact sensitivity
to oxazalone in the guinea pig. Cyclophospha-
mide was found to block the production of large
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pyroninophilic immunoblasts and the acquisition of
contact (delayed type) hypersensitivity.

Cyclophosphamide also has some effect on es-
tablished immunity. Frisch and Davies (1965)
found that the haemagglutinin response of mice
could still be depressed by starting cyclophospha-
mide treatment 15 days after injection of sheep
erythrocytes. Tripathy and Mackaness (1969b)
obtained lymphoid cells from mice immunized with
Listeria monocytogenes 7 days previously. Such
cells conferred resistance to challenge with L.
monocytogenes on normal recipients but not on
recipients treated with cyclophosphamide.
The clinical potential of cyclophosphamide as an

immunosuppressive agent remains to be fully
realized although it has been demonstrated to be
very effective in man. For example, Santos (1967)
induced a temporary state or paralysis to Vi anti-
gen by injecting it into patients 3 days before the
first dose of the drug. After a 7-day course of
cyclophosphamide the patients were given a chal-
lenge injection of Vi antigen and a first injection of
Pasteurella tularensis. They responded to Past.
tularensis but not Vi antigen.

Antimetabolites
Purine Analogues. Six mercaptopurine (6MP)

was intended to be a competitive inhibitor of hy-
poxanthine. It proved to be a powerful anti-
metabolite (Elion, Hitchings, and Vanderwerff,
1951) and modifications of the parent compound
such as its imadazole derivative, azathioprine
(Imuran) and its congener 6-thioguanine, were later
synthesized. The principal effect of these com-
pounds is to block the synthesis and interconversion
of purine nucleotides (Hampton, 1963) which are
required for nucleic acid synthesis. There is evi-
dence that the immunosuppressive selectivity of
these drugs lies in their differential action on the
early central phase of the immune response. They
produce maximal suppression of antibody forma-
tion if given between 12 and 72 hours of antigen
injection (Sterzl, 1960; Frisch and Davies, 1962;
Chanmougan and Schwartz, 1966). In contrast,
pretreatment with 6 mercaptopurine or azathio-
prine may enhance antibody production (Chan-
mougan and Schwartz, 1966; Swanson and
Schwartz, 1967). Schwartz (1968) has suggested
that this is due to the release of nucleic acids which
have an adjuvant-like effect. Not all facets of the
immune response may be enhanced in this way.
Enhanced rejection of renal allografts has not been
observed when azathioprine was administered to
patients before transplantation (Starzl, 1964).

Six MP and azathioprine have little effect on

established antibody production (Schwartz, Eisner,
and Dameshek, 1959; Borel and Schwartz, 1964) or
established cell-mediated responses (Meeker et al,
1960; Tripathy and Mackaness, 1969b). How-
ever, they may ameliorate the end results of such
responses. Wilson (1965) showed that azathio-
prine inhibited the cytotoxic action of sensitized
lymphocytes on homologous target cells in vitro.
In addition, they have a marked anti-inflammatory
action. Borel and Schwartz (1964) treated rabbits
hyperimmune to bovine gammaglobulin (BGG)
with 6 MP and abolished their Arthus reactions to
intradermal skin test of BGG without reducing their
serum antibody titres. Hurd and Ziff (1968)
showed that 6 MP greatly reduced the number of
mononuclear cells at the foci of an acute inflam-
matory reaction.

Six mercaptopurine selectively supresses the IgG
response to the primary injection of an antigen and
the IgM response is prolonged (Borel, Fauconnet,
and Miescher, 1965). This property is not unique
to 6 mercaptopurine. It occurs following treatment
with cyclophosphamide and methotrexate (Blinkoff,
1966; Santos and Owens, 1966). This indicates
that there is some difference between the train of
cellular events leading to an IgM response and that
leading to an IgG response. The development of
cellular immunity may also be selectively inhibited
by 6 MP. Borel and Schwartz (1964) gave a 4-day
course of the drug to rabbits injected with BGG
which prevented the appearance of delayed type
hypersensitivity but not that of antibody produc-
tion.

Clinically, purine antagonists have been the
group of drugs most frequently used as immuno-
suppressive agents after corticosteroids. In trans-
plantation azathioprine has proved of great value.
It has replaced 6 MP as the 'backbone' of immuno-
suppressive regimes as it seems to be less toxic for
the gut epithelium than 6 MP. The auto-immune
group of diseases have been treated with cortico-
steroids, but in those cases where they have failed to
produce a remission purine antagonists have been
used. Such conditions as auto-immune haemo-
lytic anaemia (Corley, Lessner, and Larsen, 1966),
chronic hepatitis (Page, Good, and Pollara, 1969),
glomerulonephritis and the nephrotic syndrome
(Merrill, 1962; White and Cameron, 1966; Piel et al,
1969), ulcerative colitis (Corley et al, 1966),
rheumatoid arthritis, systemic lupus erythematosus
(Piel et al, 1969), polyarteritis nodosa, and multiple
sclerosis (Corley et al, 1966) have all been treated
with these drugs. Assessment of their value has
been difficult because frequently corticosteroids are
given at the same time. In addition, there is a high

324

copyright.
 on M

ay 22, 2023 by guest. P
rotected by

http://jm
g.bm

j.com
/

J M
ed G

enet: first published as 10.1136/jm
g.8.3.321 on 1 S

eptem
ber 1971. D

ow
nloaded from

 

http://jmg.bmj.com/


Suppression of the Immune Response

frequency of undesirable side effects eg, suscepti-
bility to infections and toxic effect on the bone
marrow and liver.

Folic Acid Antagonists. Aminopterin and
amethopterin (methotrexate) inhibit the action of
dihydrofolic acid reductase and thereby prevent the
conversion of folic acid to folinic acid (Bertino,
1963; Werkheiser, 1963). Folinic acid is necessary
as a carrier of single carbon units in the synthesis of
purines, thymidylate and some amino acids.
Methotrexate in vitro inhibits DNA synthesis.
Lymphocyte cultures did not respond to antigenic
stimulation by transforming into blast cells and in-
corporating tritiated thymidine in the presence of
methotrexate (Caron, 1967). This contrasts with
the effect of methotrexate on the cellular events in
the draining lymph nodes during the development
of contact sensitivity in the guinea pig. Metho-
trexate did not block the development of large
pyroninophilic immunoblasts (cf, cyclophospha-
mide, p. 323), nor did it prevent their uptake in vivo
of tritiated thymidine. It did, however, reduce
their uptake of tritiated leucine and tritiated uridine
(Turk and Stone, 1963; Turk, 1964; Diengdoh and
Turk, 1966). These findings suggest that metho-
trexate in vivo decreases RNA rather than DNA
synthesis.

Methotrexate causes maximum suppression of
antibody formation in rodents if injected about 2
days after antigen (Berenbaum, 1962; Santos and
Owens, 1964). It inhibits the acquisition of cellu-
lar immunity (Friedman, Buckler, and Baron, 1961;
Turk, 1964) and interferes with its development.
Lymphoid cells from animals sensitized with anti-
gen 5 to 7 days previously, were susceptible to the
action of methotrexate as judged by the partial
failure of methotrexate-treated recipients to exhibit
cellular immunity (Friedman and Buckler, 1963;
Tripathy and Mackaness, 1969b). Similarly,
Prichard and Hayes (1961) prevented caseation of
tuberculous granulomas with methotrexate. How-
ever, Turk (1964) found that methotrexate-treated
recipients exhibited contact sensitivity to oxazalone
shortly after injection of lymphoid cells from donors
sensitized to oxazalone 6 weeks earlier. Thus,
methotrexate does not prevent sensitized cells from
exerting their effect.

In man, methotrexate has been found to sup-
press antibody formation against a variety of anti-
gens (Santos, Owens, and Sensenbrenner, 1964;
Hersh et al, 1965). Unfortunately methotrexate
is fairly toxic in both man and animals and this has
limited its use. Berenbaum and Brown (1965) have
found a novel means of circumventing this problem.

They gave folinic acid to methotrexate-treated mice
which had been injected with TAB vaccine 2 days
earlier. The mice did not succumb to the lethal
side effects of methotrexate yet their anti-TAB anti-
body response was suppressed. By spacing the
'rescue' dose of folinic acid they showed that metho-
trexate required only 8 hours to exert its immuno-
suppressive effect.

Corticosteroids
Corticosteroids have been used extensively to

suppress the immune response over the past 30
years. Each phase of the immune response ap-
pears to be susceptible to their influence. This
feature distinguishes them from other immuno-
suppressive agents.

Cornwell (1953) found that the uptake of particu-
late material was impaired in animals treated with
corticosteroids but this was not corroborated by
other workers (Gell and Hinde, 1953). This dis-
parity may be due to the different dosages used. In
rats the clearance rate of carbon particles was re-
duced only if large doses of cortisone were given
(Wiener et al, 1967). The ability of macrophages
to break down ingested material such as tubercule
bacilli and heterologous erythrocytes is reduced in
corticosteroid-treated rabbits (Kass, Kendrick, and
Finland, 1953; Lurie, 1960). Thus, corticoutroids
may limit the-access of antigen to immunologically
comp2etent cells.
11Dukor and Dietrich (1968) studied the effects of a

single injection of cortisone acetate on the haemag-
glutinin response of mice to sheep erythrocytes.
The haemagglutinin response was maximally sup-
pressed by giving the drug 12 hours before antigen
injection. They suggested that this was due to the
action of corticosteroids on thymus derived
lymphocytes. Thymus derived lymphocytes are
known to be essential participants in the immune
response of mice to sheep erythrocytes (Miller and
Mitchell, 1968; Mitchell and Miller, 1968), and
they are particularly sensitive to damage by corti-
costeroids (Schrek and Batra, 1966).

Corticosteroids do not induce the type of paraly-
sis associated with the use of cyclophosphamide and
6 mercaptopurine (Dukor and Dietrich, 1968) (see
sections on p. 324 and 333). This suggests that
they do not damage proliferating, antigen-activated
cells. This is consistent with the effects of corti-
costeroids on the kinetics of antibody production.
Maximal suppression of antibody levels does not
occur until some time (15-45 days) after antigen
injection (Dukor and Dietrich, 1968).

Corticosteroids can inhibit the efferent limb of the
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immune response. Ambrose (1964) found that
high concentration (0-1 mg/ml culture medium) re-
duced antibody production by isolated lymph node
fragments from rabbits immunized against bovine
serum, albumin, and diphtheria toxoid. Rosenau
and Moon (1962) showed that hydrocortisone in-
hibited the cytolytic action of sensitized lympho-
cytes on homologous target cells. Corticosteroids
may also interfere with the expression of the im-
mune response by their anti-inflammatory action.
Gell and Hinde (1951) studied the effect of cortisone
on the histological appearance of an acute foci of
inflammation in rabbits. Cortisone inhibited vaso-
dilatation and reduced the mononuclear cell infil-
trate. Similar changes were observed in the tuber-
culin reaction of sensitized rabbits.

Clinically, corticosteroids have been used as im-
munosuppressive agents in auto-immune disease
and transplantation. In most auto-immune diseases
they have justifiably proved to be the agent of
choice (for review see Parker and Vavra, 1969).
They are usually included in the immunosuppres-
sive regimes given to patients with surviving renal
grafts as they can inhibit incipient rejection (for re-
view see Mannick and Egdahl, 1968).

Antibiotics
Actinomycins. The actinomycins act by bind-

ing the guanine residue of DNA thus blocking the
synthesis of DNA-dependent RNA. In vitro they
inhibit antibody synthesis by lymph node fragments
taken from rabbits immunized against a variety of
antigens (Uhr, 1963; Smiley, Heard, and Ziff,
1964) and prevent transformation of phytohaemag-
glutinin stimulated lymphocytes (Hirschhom et al,
1963). This suggests that these processes involve
DNA-dependent RNA synthesis.
The actinomycins have not been used much in

vivo because of their toxicity. Nevertheless,
actinomycin C has successfully been employed to
treat rejection crises in renal transplantation. It
reverses incipient or even advanced rejection
(Merrill, 1968).

Puromycin. This antibiotic is structurally
similar to part of soluble RNA and inhibits amino-
acid transfer from soluble RNA to ribosomal protein.
It is not an effective immunosuppressive agent in
vivo within the limits imposed by its toxicity but in
vitro it has been found to be a very potent inhibitor
of ongoing antibody responses. Smiley et al (1964)
cultured spleen and lymph node fragments of
rabbits hyperimmunized to BSA after recent resti-
mulation with BSA, and found that a concentration

of 10-3 and 10-4 M puromycin inhibited synthesis
of anti-BSA.

Mitomycin C. In low concentrations this
antibiotic depolymerizes DNA and inhibits its
replication. At higher concentrations it also
affects RNA and protein synthesis (Sekiguchi and
Takagi, 1960). Its toxicity has limited its use-
fulness in vivo. When used in canine renal trans-
plantation, the mean survival of the grafts was
doubled at the expense of severe toxic symptoms in-
cluding bleeding (Otte and Grosjean, 1964).
Mitomycin C has been used successfully as a means
of avoiding a graft versus host reaction in mice.
Maternal lymphocytes were treated in vitro with
mitomycin C and injected into C-irradiated Fl
hybrids. The donor cells did not react against their
new host although they were able to react to other
antigens (Lemmel and Good, 1969).

Inhibitors of Complement
The Fl hybrids of New Zealand black and white

mice spontaneously develop glomerulonephritis.
This is produced by the deposition of DNA-anti-
body complexes in the glomerulus and the activa-
tion of the complement sequence. Polymorpho-
nuclear leucocytes accumulate at the site of deposi-
tion in response to the chemotactic factors liberated
by the activated complement sequence and destruc-
tion of renal glomeruli ensues. This eventually
leads to the animals' death. Investigation of ani-
mals that are deficient in one of the components of
the complement system has revealed how important
this system is in the pathogenesis of the disease. In
the Ajax strain of mice (C'3 deficient) DNA-anti-
body complexes form and are deposited in the
glomeruli but no renal damage occurs (Lambert and
Dixon, 1968). Attempts have therefore been made
to produce complement deficiency as a means of
suppressing complement-mediated immunological
reactions. Flexner and Noguchi in 1903 inacti-
vated serum complement with cobra venom. The
site of inactivation has recently been identified as
C'3. The active cobra venom factor (molecular
weight 140,000) reacts with an unidentified gam-
maglobulin to produce a complex which degrades
C'3 (Muller-Eberhard, 1968). It partially inhibits
the development of acute nephrotoxic nephritis and
immediate (Arthus) type hypersensitivity reactions.
Unfortunately the catabolic rate of the cobra
venom factor is high, the half life being less than 2
days. If other agents can be found with similar
sites of action and slower catabolic rates it would be
possible to selectively inhibit complement-mediated
antibody effects.
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Alpha Globulins
Kamrin (1959) and Mowbray (1963) have re-

ported that alpha-globulin-rich fractions of normal
human, bovine, rabbit, and rodent sera inhibit cel-
lular and humoral immune responses. Other
workers have failed to confirm these observations
(Spiegelberg and Weigle, 1964; Pullar, James, and
Naysmith, 1968). However, a number of factors
critically affect the immunosuppressive properties
of these fractions. For example, the material has
to be injected intravenously 10 to 20 hours before
the injection of antigen in order to be effective in
mice. Moreover, inactive preparations were

rendered active by storage at -20 or + 40 C
(Mowbray and Hargrave, 1966). A similar pattern
of immunosuppressive activity has been found with
ribonuclease chemically complexed to proteins
such as bovine serum albumin (Mowbray and
Scholand, 1966). This led Mowbray and Hargrave
to consider that the immunosuppressive activity of
the alpha-globulin-rich fractions was due to ribo-
nuclease since ribonuclease was associated with
these fractions. Other workers have not been able
to associate the immunosuppressive activity of
alpha-globulin-rich preparations with ribonuclease
activity (Cooperband et al, 1969; Mannick and
Schmid, 1967), and this raises the possibility that
alpha-globulin-rich preparations contain more than
one immunosuppressive factor (see Kamrin, 1969).

Lymphocyte Depletion
Thoracic Duct Cannulation. Depleting rats

of their lymphocytes by long term drainage of the
thoracic duct has been shown to prolong the survi-
val of skin grafts (McGregor and Gowans, 1964)
and to impair their primary, but not secondary, re-

sponse to sheep red cells and tetanus toxoid (Gowans
et al, 1962). The technique was soon applied as an

adjunct to immunosuppressive therapy in human
renal transplanatation (Franksson, 1964; Tilney
and Murray, 1967), and it appeared to reduce the
number of rejection crises. Recently Sarles and his
coworkers (Sarles et al, 1970) reported the use of
thoracic duct drainage as the initial means of
immunosuppression in human renal transplanta-
tion. The donors and recipients were matched for
ABO blood group only. Thoracic duct drainage of
recipients commenced before transplantation, a

marked lymphocytopenia developed and the para-

cortical zones of lymph nodes and white pulp of the
spleen (thymic-dependent areas) became depleted of
lymphocytes. These morphological changes were

in keeping with the alteration produced in immuno-
logical reactivity; delayed hypersensitivity reactions

to a number of antigens disappeared whilst im-
munoglobulin levels remained constant.

Thymectomy. Following the fascinating work
on the role of the thymus in the development and
maintenance of the immunological system (see
Miller and Osoba, 1967), thymectomy was used to
suppress immunity. However, the effects of thy-
mectomy in adults are not seen immediately be-
cause of a pre-existing circulating pool of thymic-
derived immunologically competent cells. Thus
thymectomy has often been used in conjunction with
an agent specifically aimed at depleting this circulat-
ing pool. For example, if mice are thymectomized
and subjected to X-irradiation they will not develop
antibodies in response to an injection of sheep
erythrocytes (Miller, Doak, and Cross, 1963).
Starzl and his associates (Starzl et al, 1970) have
recently reported the results of thymectomy in 24
of a series of 46 consecutive human renal trans-
plants. The patients were followed for 3j-5 years.
There was no clinical evidence that the patients
with thymectomy had an early or late advantage in
terms of survival, but Starzl et al (1970) believe that
further studies are worth while.

Splenectomy. It is difficult to understand the
rationale for using splenectomy as a means of im-
munosuppression. The proliferation of normal
lymphoid tissue is directly related to the amount of
stimulation by antigens. The spleen contains about
one third of the total lymphoid tissue of the body,
and splenectomy merely makes more antigen avail-
able to stimulate the remaining lymphoid tissue.

Antilymphocyte Serum and Globulin
(ALS,ALG)

There is something appealing to both the modern
clinician and research worker in the elegance and
refinement of inactivating the lymphocytes involved
in the immunological response by an injection of
antilymphocyte serum (ALS) or antilymphocyte
globulin (ALG). The idea is not new. At the
turn of the century, Metchnikoff (1899) produced an
antileucocyte serum by injecting rat spleen or
lymph node cells into rabbits and noted leuco-
agglutination and leucocytoxicity. However, it is
only recently that the concomitant alterations in
immunological reactivity following ALS administra-
tion have attracted attention: delayed hypersensi-
tivity reactions to tuberculin and dinitrochloro-
benzene were inhibited (Inderbitzin, 1956), and skin
graft rejection retarded (Waksman, Arbouys, and
Arnason, 1961). The ability of this agent to pro-
long significantly the survival of skin allografts in
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rats across a marked histo-incompatibility barrier
(Woodruff and Anderson, 1963) drew attention to
its possible value in transplantation. Much work
has been done on it since then (see James, 1967a;
James, 1969; Sell, 1969).

The Effects of ALS in vivo. Antilymphocyte
serum will sometimes produce a leucopenia (Chew
and Lawrence, 1937; Cruickshank, 1941) and if the
lymph nodes are examined histologically depletion
of lymphocytes is seen particularly in the thymic de-
pendent paracortical areas (Turk and Willoughby,
1967). Most workers now agree that immuno-
suppressive activity of ALS cannot be directly re-
lated to the degree of leucopenia produced by its
administration. More recent work has shown that
ALS exerts its effect primarily by reducing the
number of circulating long lived, thymic-influenced
lymphocytes. However the total number of
lymphocytes in the peripheral blood may or may not
decrease according to whether there is a compen-
satory increase in the number of short lived lympho-
cytes (Nagaya and Sieker, 1967; Denman and
Frenkel, 1968).

It is now well established that ALS can prevent
the development of cellular immunity, eg, by sup-
pressing graft versus host disease and delaying the
acute rejection of allografts (Levey and Medawar,
1966 and 1967; Brent, Courtney, and Gowland,
1967). Moreover, the suppressive efficacy of ALS
is little influenced by the antigenic disparity be-
tween donor and recipient; human skin grafts have
been maintained on ALS-treated mice for over 2
months (Lance and Medawar, 1968; Lance, Levey,
and Medawar, 1969). The suppression by ALS of
a primary antibody response has been observed in
several species (Monaco et al, 1966; James, 1967b).
To be fully effective ALS has to be administered at
the time of, or before the antigenic challenge
(Russell and Monaco, 1967), and the antilymphocyte
titre should be high. Antilymphocyte serum has
the ability to modify established cell-mediated im-
mune responses but has little effect on established
humoral responses. It delays the rejection of
second set skin allografts (Levey and Medawar,
1966; Monaco et al, 1966; Lance, 1968), but fails to
produce a marked suppression of secondary anti-
body responses (James and Jubb, 1967; Lance,
1968). In parallel studies of cell-mediated and
humoral immunity Lance and Batchelor (1968)
further demonstrated the differential susceptibility
of these two major facets of the immune response to
ALS. At a dosage of ALS, which completely in-
hibited the rejection of skin grafts across a major
histo-compatibilitvy (H2) difference in mice, the

primary antibody response to a number of antigens
still occurred.

The Effects of ALS in vitro. Antilymphocyte
serum produces lysis of lymphocytes when comple-
ment is present (Besredka, 1900). If complement
is not present leuco-agglutination occurs. ALS
also causes the transformation of lymphocytes into
lymphoblasts (Holt, Ling, and Stanworth, 1966),
inhibition of the lymphocyte mediated destruction
of cells in culture (Biberfeld, Holm, and Perlmann,
1969) and suppression of the mixed lymphocyte
reaction (Schwartz, Tyler, and Everett, 1968).

Mechanism of Action of ALS. There are
various theories as to how ALS exerts these im-
munosuppressive effects in vivo and in vitro.

The preferential cytoxic effect. The leucopenic
effect ofALS was noted seventy years ago, but more
recently it was noted that there was no constant
relationship between this and the degree of im-
munosuppression. As mentioned earlier, it may
be that this is due to the fact that there is a selective
depletion of thymic derived long lived recirculating
lymphocytes (Denman and Frenkel, 1968) and that
the numbers of short lived lymphocytes may or may
not increase to compensate for this. Lance (1970)
suggests that lymphocytes coated with ALS are
either lysed due to the direct action of complement
or phagocytosed by the reticulo-endothelial cells of
the liver. As the cells are removed from the blood
they are replaced by other members of the recircu-
lating pool which in turn are coated and removed by
lysis or phagocytosis. The majority of the pool of
recirculating cells are long lived, slowly regenerating
lymphocytes and, therefore, after ALS therapy
ceases the immunosuppressive action continues until
the long lived lymphocyte pool is restored to its nor-
mal size.

The sterile activation of lymphocytes was proposed
because of the known ability ofALS to produce pro-
liferation of lymphocytes both in vitro and in vivo.
The activation of all potentially antigen-reactive
('virgin') cells would thus cause a temporary ab-
sence of any cells competent to react to the pre-
sence of a new antigen.

The lymphocyte blindfolding theory (Levey and
Medawar, 1966) postulated that ALS may bind to
receptors on the lymphocytes surface and, by coat-
ing or 'blindfolding' it, prevent it from reacting
with an antigen. The presence of heterologous
IgG has been detected on the surface of lympho-
cytes after incubating them in ALG (Brent et al,
1967; Woodruff, Reid, and James, 1967).
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The anti-thymus factor in ALS has been sug-
gested as the cause of its potency. The fact that
thymectomy potentiates the effect of ALS and that
antisera prepared against thymocyte membrane
fraction produce the most consistent immuno-
suppression (Lance, Ford, and Ruszkiewicz, 1968)
lends credence to this.

It may be that all these proposed mechanisms
contribute to the effects of ALS but the importance
of its ability to destroy antigen reactive thymus-
dependent cells in vivo is evident.

In man ALS had not yet produced such im-
pressive results (Monaco, Wood, and Russell, 1967;
Russell, 1968) as in laboratory animals. However,
Starzl et al (1970) now report that the one-year sur-
vival of patients with transplanted kidneys has in-
creased to 90% from 50-60%1 with the use of
heterologous ALG in their immunosuppressive
therapy. Thus it seems likely that ALG will be
eventually of great clinical value.

2 Antigen-specific Suppression of the
Immune Response

A number of methods by which immunological
reactivity to a specific antigen can be suppressed
have been described in experimental animals.
Some understanding of the limitations of these
methods is required before they can be applied
clinically. This section concentrates on the
mechanisms underlying the production of various
states of antigen-specific immunological suppres-
sion so as to provide a basis for considering how
they may be exploited.

Antibody-mediated Suppression of the
Immune Response

The suppressive effect of passive antibody on the
immune responses to the corresponding antigen was
documented by the turn of the century. Dongern
(1906) and Sachs (1906) observed that the haemoly-
sin response of rabbits to ox erythocytes complexed
with rabbit antiserum to ox erythrocytes was far less
than rabbits injected with ox erythrocytes alone.
Similarly, Smith (1909) found that guinea pigs did
not become immunized to diphtheria toxin by in-
jection of diphtheria toxin mixed with an excess of
antitoxin. Since these discoveries there have been
considerable efforts to establish how passive anti-
body exerts its effect.

Effect of Passive Antibody on Afferent Limb
of Immune Response. In some systems there is
evidence that suppression of antibody formation
against one antigenic determinant on a molecule

does not suppress antibody formation against a
second determinant. For example, Pollack et al
(1968) prevented anti-HgA antibody production in
rabbits injected with HgAHgF rabbit erythrocytes
and anti-HgA iso-antibody, but provoked anti-HgF
antibody formation. This phenomenon may be
extensive since similar findings have been reported
by other workers using a variety of antigens
(Olitzki, 1935; Moller, 1965; Brody, Walker, and
Siskind, 1967; Dixon, Jacot-Guillarmod, and
McConahey, 1967). The simplest explanation of
these findings is that passive antibody exerts its effect
bycovering the corresponding antigenic determinants
and hence preventing them stimulating the appro-
priate antigen sensitive cell. If this theory is correct
then it would be expected that the ability of antibody
to suppress would be related to its concentration and
affinity. In a definitive study, Walker and Siskind
(1968) assessed the effect of changes in the affinity
of anti-haptenbovine gamma-globulin antibody on
its ability to suppress the response to haptenbovine
gamma-globulin in rabbits. They found that high
affinity antibody can cause suppression at much
lower concentrations than low affinity antibody.
This they argue is consistent with the theory that
antigen binding is involved in suppression since it
follows from the law of mass action that the amount
of antigen bound at any given concentration of anti-
body is a function of the affinity of the antibody.
This finding may also resolve the controversy which
has arisen over the question of whether or not anti-
body of the IgM type is capable of causing sup-
pression. Some workers have found that IgM
antibody can suppress a primary immune response
(Rowley and Fitch, 1964; Pearlman, 1967; Pollock
et al, 1968), whereas others have been unable to
demonstrate suppression with IgM antibody
(Henry and Jerne, 1968). This divergence may be
explained by the differences in the affinity of the
various IgM preparations.
The importance of the interaction between anti-

body and specific antigenic determinants is also
shown by the finding that antibody fragments con-
taining the antigen-binding site are effective in
bringing about suppression (Tao and Uhr, 1966;
Cerottini, McConahey, and Dixon, 1969). Thus,
Cerottini et al (1969) found that the F(ab')2 and Fab
fragments of anti-haemocyanin antibody sup-
pressed anti-haemocyanin antibody formation in
rabbits. However, there is evidence that the Fc
piece plays some part in the suppressive effect of
antibody. Sinclair (1969) has found that the
ability of anti-sheep erythrocyte serum to inhibit
priming to sheep erythrocytes in mice is lost after
removal of the Fc piece by pepsin digestion. The
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work of Ivanyi (1970) may also be relevant. He
found that the fraction of anti-HSA (human serum
albumin), which was active in suppressing the im-
mune response of chickens to HSA, was antibody of
the cytophilic type. The cytophilic properties of
such antibody are known to be dependent on the
integrity of the Fc portion of the molecule (Berken
and Benacerraf, 1966).
There are studies in which it has been noted that

administration of passive antibody against one anti-
genic determinant on a molecule suppresses anti-
body formation against all its antigenic determi-
nants, ie, passive antibodies act at the level of the
entire antigenic molecule. Henney and Ishizaka
(1968) found that passive administration of antibody
against the Fc portion of human IgG suppressed
both anti-Fab and anti-Fc antibody formation in the
guinea pig. They gave the passive antibody in the
footpad in the form of a complex with human IgG
emulsified in Freund's complete adjuvant. In this
experiment it is difficult to envisage how antibody
could suppress the immune response by merely
covering the corresponding antigenic determinant
particularly as this phenomenon persisted when
antigen was given in fourfold excess. On the con-

trary it seems likely that the passive antibodies
acted by preventing antigen reaching the neighbour-
hood of the appropriate antigen-sensitive cells.
A situation in which there is an apparent lack of

specificity of suppression is the interference with
Rh-iso-immunization due to ABO incompatibility.
Pollack et al (1968) and Pollack, Gorman, and
Freda (1969) have argued that since lysed erythro-
cytes are less immunogenic than unlysed erythro-
cytes, then complement fixing antibodies against one
antigenic determinant on an erythrocyte could lyse
the erythrocyte and as a consequence antibody for-
mation against all the antigenic determinants on the
erythrocyte would be suppressed. Thus they sug-

gested that the mechanism by which ABO incom-
patibility interferes with Rh iso-immunization may

be due to lysis of Rh positive erythrocytes by com-

plement fixing anti-A and anti-B. However, Stern,
Goodman, and Berger (1961) showed that Rh- men

injected with ARH+ erythrocytes coated in vitro
with anti-A did develop anti-Rh antibody. Stern
(1969) has also investigated an analogous pheno-
menon in rats. He found that the anti-isophile
antibody response to challenge with sheep erythro-
cytes (containing both heterophile and isophile anti-
gens) was almost completely suppressed by pre-

treatment of rats with heterophile antigen alone.
This suppression of anti-isophile antibody was not

brought about by passive administration of small
amounts of anti-heterophile antibody 2 hours before

injection of sheep erythrocytes. Stern has taken
these results to indicate that the mechanism bv
which ABO incompatibility interferes with Rh
iso-immunization is not exclusively humoral.

Central Effect of Passive Antibody. It has
been suggested that passive antibody has a direct
effect on immunologically competent cells so that
they are prevented from synthesizing antibody
following stimulation by the corresponding antigen
(Rowley and Fitch, 1967). This theory was based
on the finding that the exposure of normal rat spleen
cells in vitro to anti-sheep erythrocyte serum sup-
pressed their early haemolysin response to sheep
erythrocytes in X-irradiated recipients (Rowley and
Fitch, 1964). There is an alternative interpretation
of this finding. It is now known that the macro-
phage is an essential participant in the initiation of
the immune response to some antigens eg, sheep
erythrocytes in mice (Pierce, 1969a; Shortman et al,
1970). Using a system in vitro, Pierce (1969b)
studied the suppressive effect of anti-sheep erythro-
cyte serum on purified populations of mouse spleen
cells. He exposed separated (macrophage free)
splenic lymphoid cells to anti-sheep erythrocyte
serum and, after reconstituting them with splenic
macrophages, tested their ability to respond to sheep
erythrocytes. Their response was not impaired.
In contrast, separated lymphoid cells were pre-
vented from responding to sheep erythrocytes by
reconstituting them with macrophages which had
been incubated with anti-sheep erythrocyte serum.
The specificity of this phenomenon was shown by the
finding that such reconstituted lymphoid cells re-
sponded to burro erythrocytes. These findings
render it unlikely that passive antibody has a direct
effect on lymphoid cells but rather that the anti-
genic stimulus is blocked at the macrophage-
dependent phase of the response. It would be
premature to conclude that this phenomenon of
neutralization of antigen in the macrophage occurs
with all antigens since the initiation of the immune
response to some antigens eg, haemocyanin, appears
to be macrophage-independent (Unanue and
Askonas, 1967).
Rowley and Fitch's proposal (1967) has recently

been resuscitated by Feldmann and Diener (1970).
They incubated isolated normal mouse spleen cells
for 1 to 100 hours with mixtures of antigen (poly-
merized flagellin of Salmonella adelaide or sheep
erythrocytes) and antibody. Such cells were found
to be partially (50-95 O) unresponsive to an optimal
antigenic challenge in vitro. In addition, such cells
were found unable to respond to antigenic chal-
lenge after transfer to X-irradiated syngeneic re-
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cipients as judged by serological and cellular assays.
In both situations spleen cells treated with antibody
alone gave a normal response. These results were
taken as evidence that an in-vitro effect of antibody-
mediated suppression occurred 'centrally' on im-
munologically competent cells exposed to antigen.
The significance of these findings to the situation in
vivo is uncertain. A number of workers have found
that lymphoid cells from intact animals suppressed
by the mediation of passive antibody are competent
to initiate an immune response against the corres-

ponding antigen after transfer to X-irradiated syn-
geneic recipients (Moller, 1964; McCullagh and
Gowans, 1967; Wigzell, 1967). Furthermore, if the
degree of suppression found in vitro by Feldman and
Diener occurred in intact animals then animals in
which primary immunization was suppressed by
antibody should remain unresponsive to subse-
quent antigen challenge. Generally, such animals
do respond to a second antigenic stimulation al-
though their response may not be a typical primary
response (Mason, Robinson, and Christensen, 1955;
Nossal, 1957; Uhr and Baumann, 1961; Sinclair,
1969). On the other hand, it has been noted that
suppression of the immune response of rats to sheep
erythrocytes by simultaneous administration of anti-
sheep erythrocyte serum can be maintained by
weekly injections of small doses of sheep erythro-
cytes alone (Neiders, Rowley, and Fitch, 1962).
Possibly in this situation passive antibody facilitates
the induction of antigen-mediated suppression of
the immune response.

Effect of Passive Antibody on Cell-mediated
Immunity. The effect of passive antibody is not
limited to the suppression of humoral responses.
The growth of allogeneic tumour cells was found to
be enhanced by treatment in vitro with the cor-

responding allo-antibody. That this effect is not
merely due to inhibition of the recipients trans-
plantation immunity was shown by the finding that
untreated tumour cells injected at a different site in
the same recipient were rejected efficiently (Moller,
1964). The alternative explanation is that anti-
body blocked the efferent limb of the immune
response, hindering graft destruction by the
recipient's sensitized cells. This hypothesis is
substantiated by Moller's observation (1965) that
treatment of allogeneic tumour cells with antibody
conferred resistance to the cytotoxic effect in vitro
of sensitized lymphoid cells.

It seems likely that in some situations passive
antibody does prevent the initiation of cell mediated
responses. Axelrad (1968) has shown that the
delayed hypersensitivity response of rats to sheep

erythrocytes emulsified in Freund's complete ad-
juvant is reduced by prior administration of passive
antibody. Rats given a second sensitizing injec-
tion of sheep erythrocytes exhibited maximal de-
layed hypersensitivity despite having high titres of
circulating antibody. This renders it unlikely that
the detection of delayed hypersensitivity was blocked
by antibody. However, passive antibody does not
always block the induction of delayed hypersensi-
tivity. Uhr and Baumann (1961) failed to sup-
press delayed skin reactivity to diphtheria toxoid
by injections of diphtheria toxoid-antitoxin com-
plexes although the humoral response was pre-
vented.

In summary, the suppressive efficacy of passive
antibody is apparently dependent on its affinity and
concentration, but may also be influenced by its
biological properties. From a practical viewpoint
it appears that high affinity antibody of the IgG type
has the highest suppressive efficiency. These ob-
servations are consistent with the hypothesis that
passive antibody exerts its effect by interfering with
the access of antigen to antigen-sensitive cells,
either by covering the corresponding antigenic
determinants and rendering them sterically un-
available to antigen-sensitive cells or by diver-
ting antigen away from the anatomical area of
antigen-sensitive cells. If antibody only affects
the 'afferent' limb of the immune response then the
corresponding immunologically competent cells will
be still available to respond to subsequent antigenic
stimulation. In this event the use of passive anti-
body is limited to the prevention of an immune re-
sponse rather than its permanent suppression.
However, it appears that in some situations passive
antibody may facilitate the induction of an antigen-
mediated defect in the corresponding immuno-
logically competent cells.

Antigen-mediated Suppression
The state of specific immunological suppression

induced by exposure to a particular antigen has been
termed 'paralysis', 'tolerance', and 'unresponsive-
ness'. The term 'paralysis' was coined to de-
scribe the phenomenon of specific immunological
non-reactivity induced by the administration of
large amounts of pneumoccal polysaccharide to
adult animals (Felton and Bailey, 1926; Felton and
Ottinger, 1942). 'Tolerance' was originally used
in connexion with the failure of an animal to reject a
homograft (see Burnet, 1941), and was later used to
denote the phenomenon of specific immunological
suppression induced by limited exposure to an
antigen in perinatal life (Billingham, Brent, and
Medawar, 1953). 'Unresponsiveness' was applied
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to the specific suppression of the immune re-
sponse induced by exposure to non-living antigens
(Smith, 1961). It has been found that lymphoid
cells from animals rendered tolerant to skin grafts
(Argyris, 1963) and unresponsive to Shigella anti-
gens and bovine serum albumin (Friedmann, 1962;
Dietrich and Weigle, 1964) are unable to respond to
the corresponding antigenic stimulation when trans-
ferred to X-irradiated syngeneic recipients. Simi-
larly, Brooke and Karnovsky (1961) found that
lymphoid cells from paralysed mice in contrast to
those from immunized mice, were unable to protect
allogeneic recipients from a lethal dose of Pneu-
mococci. These findings suggest that tolerance,
unresponsiveness, and paralysis are basically similar
phenomena in that there is deletion of some of, or
all the corresponding immunologically competent
cells (a central defect). Thus the terms are often
used synonymously. However, it is now clear that
not all facets of the immune response are eliminated
in antigen-suppressed animals. For example,
Voisin, Kinsky, and Maillard (1968) injected neo-
natal CBA mice with A strain spleen cells. Such
animals produced haemagglutinating antibodies
against A strain histo-incompatible antigens despite
the fact that they were unable to reject A strain skin
grafts.

In this review, tolerance will be used in its original
connection (see above) and paralysis to imply that
the immune response is suppressed by a 'central'
defect in the corresponding immunologically com-
petent cells.

Recovery from Paralysis. Generally, per-
sistence of paralysis is associated with the continued
presence of the corresponding antigen. For ex-
ample, some adult A strain mice which had been in-
oculated in utero with viable tissues from CBA
mice, accepted skin grafts from CBA mice more or
less permanently (Billingham, Brent, and Medawar,
1956). The tissues of such mice were shown to
contain cells of donor origin (Billingham and Brent,
1959). Similarly, the duration of paralysis to
bovine serum albumin (BSA) in rabbits was ex-
tended by giving additional injection of BSA to
paralysed rabbits (Smith, 1961). One explanation
of this is that the inactivated immunologically
competent cells require the corresponding antigen
for their continued inactivation. However, in the
mouse, recovery for paralysis to BSA was complete
within 3 months (Mitchison, 1965). It seems un-
likely that this was solely due to loss of antigen since
the rate of degradation of extracellular antigen did
not vary with the age of mice whereas the duration
of paralysis increased with the age of mice. Simi-

larly, in rabbits paralysis induced by neonatal ad-
ministration of heterologous serum proteins per-
sisted for up to 2 years, long after the paralysing
antigen was cleared (Humphrey, 1964). The
alternative explanation is that the corresponding
immunologically competent cells are irreversibly
inactivated during the induction of paralysis and
that recovery involves the recruitment of new cells.
This possibility is substantiated by the finding that
recovery from paralysis is minimal in thymectomized
adult animals (Claman and Talmage, 1963; Taylor,
1964; Aisenberg and Davies, 1968). The pre-
sence of the thymus is now known to be necessary
for the acquisition of responsiveness by the stem
cells from which immunologically competent cells
originate (Miller and Osoba, 1967).

Mechanism of Paralysis. The mechanism by
which immunologically competent cells are para-
lysed by antigen is not yet clear. Fishman and his
coworkers (Fishman, van Rood, and Adler, 1965;
Adler, Fishman, and Dray, 1966) have presented
evidence that phagocytosis of an antigen is an
essential step in the initiation of the primary im-
mune response. Although the exact mechanism is
still in doubt (Askonas and Rhodes, 1965; Harris and
Cramp, 1968) it seems likely that the induction of
an IgM antibody response to some antigens in-
volves the sequential action of macrophages and
lymphocytes (Pierce, 1969a; Shortman et al, 1970).
As a corollary to this hypothesis it has been proposed
that the induction of paralysis is due to the failure of
macrophages to phagocytose and degrade antigen
thus allowing it to reach lymphocytes intact (Frei,
Benacerraf, and Thorbecke, 1965). This proposi-
tion was based on the finding that adult animals
could be readily paralysed by the injections of
heterologous serum proteins from which the
supposedly 'phagocytosable' material had been
removed (Dresser, 1962; Frei et al, 1965). How-
ever, the immune response to some antigens ap-
pears to be macrophage independent (see p. 330)
and both immunity and paralysis have been induced
by exposing isolated lymphoid cells to such antigens
in vitro in the absence of phagocytic cells (Diener,
Shortman, and Russell, 1970). Moreover, Scott
and Waksman (1968) induced specific paralysis by
exposing intact rat lymphoid organs to bovine gam-
maglobulin in vitro although dispersed lymphoid
cells were unaffected by the same concentrations.
This paradox may be explained by the elegant
studies of Mitchison (1964 and 1968) which showed
that paralysis can be induced not only after injection
of high doses ofantigen (high zone paralysis) but also
after the injection of sub-immunogenic does (low
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zone paralysis). This raises the possibility that
there are different induction pathways for high and
low zone paralysis (Nossal, 1969). This possibility
has been substantiated by recent studies in vitro.
High concentrations of such antigens as poly-
merized flagellin of Salmonella adelaide and Escheri-
cia coli induced paralysis in isolated mouse lym-
poid cells (Britton, 1969; Diener and Armstrong,
1969). Paralysis could also be induced with sub-
immunogenic doses of antigen in vitro but this was
dependent on the presence of the corresponding
antibody (Feldmann and Diener, 1970; Diener and
Feldmann, 1970).

Factors Influencing the Induction of Paraly-
sis. There are a number of factors which affect
the facility with which an animal can be paralysed
by a particular antigen. Of these the ability of an
animal to respond to the antigen seems important.
Thus immature animals which have a limited capa-
city to respond immunologically are particularly
susceptible to the induction of paralysis (Smith,
1961; Leskowitz, 1967). In the same way, adult
animals can be made more susceptible to the in-
duction of paralysis if they are given immuno-
suppressive agents. For example, Mitchison (1968)
X-irradiated mice and injected them with various
antigens. After 10 weeks such mice were specifically
less responsive to challenge with the corresponding
antigen than X-irradiated or normal controls.
Immunosuppressive agents such as cyclophos-
phamide (Aisenberg and Davies, 1968; Dukor and
Dietrich, 1968) and 6 mercaptopurine (Borel and
Schwartz, 1964) also render animals more suscep-
tible to paralysis by antigens administered con-
temporaneously. However, this is probably
because these agents eliminate the corresponding
antigen-activated cells (see pp. 323 and 324).
The ability of an antigen to elicit an immune re-

sponse may also be inversely related to the ease with
which it induces paralysis. This may provide an
explanation of the finding that administration of
aggregate-free preparations of heterologous serum
proteins induces paralysis whereas aggregated pre-
parations of these antigens result in immunization
rather than paralysis (Dresser, 1962; Thorbecke and
Benacerraf, 1967; Pinckard, Weir, and McBride,
1967). The physical state of an antigen is probably
only one of a number of factors influencing the
balance between the induction of immunity and
paralysis. Janeway and Sela (1967) observed that
the injection of D amino acids induced paralysis in
mice, whereas the corresponding L polymer evoked
an immune response. The D polymer was shown
to be retained about 500 times more efficiently by

the cells of the reticulo-endothelial system and
metabolized 20 times slower than the L polymer
(Janeway and Humphrey, 1968). This suggests
that a dominant factor in the induction of paralysis
of this type may be slow catabolism of antigen
coupled with high antigen retention.

In this review paralysis is considered to be an
antigen-induced defect in the corresponding im-
munologically competent cells. Such cells appear
to be irreversibly inactivated and recovery from
paralysis involves the recruitment of new cells.
However, recovery from paralysis can be prevented
by the continuous presence of the corresponding
antigen and consequently permanent antigen-speci-
fic suppression of the immune response can be
achieved.

Immune Deviation
It is known that administration of antigen in

different forms may result in the expression of indi-
vidual facets of the immune response. Rats in-
jected with polymerized flagellin produced high
titres of IgM antibody whilst IgG antibody with
little or no IgM antibody was produced following
the injection of soluble flagellin (Ada, Nossal, and
Austin, 1965). Similarly, it has been found that the
development of delayed hypersensitivity and IgG2
response to ovalbumin in guinea pigs is enhanced by
incorporation of the antigen in Freund's complete
adjuvant. If the mycobacteria are omitted or if the
antigen is absorbed on alum then an IgGi response
occurs and the delayed hypersensitivity response is
much weaker (White, Coons, and Connolly, 1955;
Wilkinson and White, 1966). In the same way it
has been found that some aspects of the immune re-
sponse can be suppressed while other aspects are
unaffected. Thus the IgG2 and delayed hyper-
sensitivity response of adult guinea pigs to antigens
in Freund's complete adjuvant is inhibited by prior
immunization with the antigen on alum or in in-
complete adjuvant whereas the total antibody re-
sponse is unaffected (Asherson and Stone, 1965;
Loewi, Holborow, and Temple, 1966).
The selective loss of delayed hypersensitivity dis-

tinguishes this state termed 'immune deviation'
from paralysis (Asherson, 1967). All facets of im-
mune response were suppressed in guinea pigs
paralysed by administration of aggregate-free anti-
gen (Asherson and Stone, 1965).
The mechanism ofimmune deviation is not under-

stood. Serum transfer from deviated donors did
not affect the induction of delayed hypersensitivity
in normal recipients or the detection of delayed
hypersensitivity in sensitized recipients. On the
other hand peritoneal exudate cells and spleen cells
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from deviated donors had a reduced ability to
transfer delayed hypersensitivity to normal recipi-
ents although this defect was not evident if large
numbers of cells were transferred (Asherson, 1966).
This suggests that there is some induced defect in
those cells involved in delayed hypersensitivity.
Phenomena akin to immune deviation have been

found following the injection of solutions of protein-
hapten conjugates in immature guinea pigs (Borel,
Fauconnet, and Miescher, 1966 and 1967) and of
protein in solution in mice (Crowle and Hu, 1966
and 1970). It seems likely that in these situations
there is selective paralysis of the cells involved in
delayed hypersensitivity.

Application of Antigen Specific
Immunological Suppression

This final section is devoted to considering how
the principles, which have emerged from the basic
studies of antigen specific immunological sup-
pression, have been applied.

Auto-immune Diseases. Passive antibody
has been shown to interfere with the induction of
experimental auto-immune diseases. Paterson and
Harwin (1963) obtained pools of serum containing
high levels of anti-brain, auto-antibodies from
Wistar rats injected with guinea pig brain in Freund's
complete adjuvant. Rats injected with this serum
were resistant to the development of allergic
encephalomyelitis by a contemporaneous sensitizing
injection of nervous tissue. The suppressive
activity of this serum was associated with a heat labile
complement fixing IgM auto-antibody (Paterson,
1964; Paterson, Coia, and Jacobs, 1965). The sera
of all normal Wistar rats contain auto-antibodies of
this type (Weir et al, 1966; Elson and Weir, 1969)
and it is possible that the effect of this serum was to
re-inforce an existing state of restricted auto-im-
munity to tissue antigens. This hypothesis has
been elaborated in detail elsewhere (Weir and Elson,
1969). Nevertheless, it seems pertinent to reiterate
that a similar interpretation can be made of the
finding that the induction of experimental allergic
orchitis and thyroiditis can be prevented by injec-
tions of the corresponding tissue antigen on alum or
incomplete adjuvant, before the sensitizing injection
(Brown, Glynn, and Holborow, 1967; Weigle et al,
1967).
Preventive measures of the type described above

are not yet applicable to human auto-immune
disease. In the first place, they interfere with the
induction of an immune response rather than with a
response already underway. Secondly, the inter-
play between the different facets of the immune re-

sponse to tissue constituents in the pathogenesis of
many human auto-immune diseases is not under-
stood.

Atopy. Attempts to alleviate the effects of im-
mediate type hypersensitivity reactions to such
antigens as grass pollen by densitizing injections of
the pollen in an appropriate form go back to 1911
(Noon, 1911). Whether the effect of desensitizing
injections is to deviate the immune response away
from the production of IgE antibodies, which have
been incriminated as the mediators of immediate
type hypersensitivity reactions, has not yet been
elucidated.

Prevention of Rhesus Iso-immunization.
The first therapeutic application of antigen specific
suppression of the immune response exploited the
suppressive effect of passive antibody. Clinical
trials have shown that the injection of Rh negative
mothers with anti-Rh antibody after delivery pre-
vents primary Rh iso-immunization by fetal (Rh
positive) erythrocytes and hence Rh haemolytic
disease of the new born in subsequent pregnancies
(Combined Study, 1966; Clarke, 1967; Freda et al,
1967). At the time these trials were initiated little
was known about how passive antibody exerted its
immunosuppressive effect. Considerable informa-
tion has accumulated since then (see p. 329) and
with hindsight it is possible to see how passive ad-
ministered anti-Rh may prevent Rh iso-immuniza-
tion in pregnancy. Mothers who have been
protected from immunization by antibody in the
first pregnancy may become immunized after a
second unprotected pregnancy (J. C. Woodrow,
personal communication). It seems likely therefore
that anti-Rh antibody does not act 'centrally' and
there is a general agreement that it affects the
afferent limb of the immune response to the Rh
antigen (Clarke, 1968; Pollack et al, 1969; Woodrow,
1970). However, the exact means by which anti-Rh
antibody prevents access of antigen to the corres-
ponding immunologically competent cells is still
in dispute (Clarke, 1970). For example, it is not
known whether the administration of anti-Rh anti-
body to an Rh -Kell - mother with an Rh + Kell +
baby prevents immunization to the Rh antigen alone
or to both the Rh and Kell antigen.

Transplantation of Tissues and Organs.
Attempts have been made to exploit the fact that
animals can be paralysed by the action of immuno-
suppressive agents on antigen activated immuno-
logically competent cells. This principle has been
applied to human bone marrow transplantation.
The prospective recipient was given donor antigens
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in the form of peripheral blood leucocytes followed
by a four day course of cyclophosphamide to elimi-
nate any proliferating immunologically competent
cells. The recipient was given 3 x 109 bone marrow
cells intravenously 3 days later. The success of this
treatment was shown by the chimaeric state of the
patient who did not develop graft versus host
disease (Bach et al, 1968).
The knowledge that passive administration of

antibody can suppress the immune response to the
corresponding antigen has led a number of workers
to examine the effect of anti-allograft serum on
allograft survival. For example, French and
Batchelor (1969) transplanted (SA x August) F1
hybrid kidneys into SA rats. The mean survival
time of the kidneys was 8-5 days. This contrasted
with the prolonged (over 4 months) survival of kid-
neys in rats treated with anti-August allo-antibody
at the time of transplantation. These kidneys sur-

vived despite the production by the recipient of
antibodies which were cytotoxic in vitro to August
lymphoid tissue. This suggests that graft survival
was not the result of passive allo-antibody preventing
access of donor antigens to the recipient's antigen-
sensitive cells. Rowley et al (1969) too, noted that
the survival time of rat kidney allografts was ex-
tended by treatment of recipients with anti-donor
serum at the time of transplantation. A similar
extension of graft survival was obtained by giving an
intravenous injection of 108 donor lymphoid cells
one day before transplantation. Combining the
two treatments extended graft survival almost in-
definitely. There is evidence which suggests that
this may not be due to selective paralysis of the
corresponding immunologically competent cells.
Isolated spleen cells from rats with surviving allo-
grafts were competent to initiate graft versus host
disease in normal rats of the donor strain (Okner,
Guttman, and Lindquist, 1970). Possibly the
common denominator determining graft survival
in these experiments may be the production by the
recipient of an antigraft antibody which in some way
prevents graft destruction.
The above studies were carried out with minimal

histocompatibility differences between the donor
and recipient, and although anti-graft antibodies
may prolong graft survival in this situation they can

in other conditions produce graft rejection. Anti-
graft antibodies have been implicated in both the
hyperacute and late rejection of kidney allografts in
humans (Terasaki, Marchiora, and Starzl, 1965;
Williams et al, 1968; Najarian and Foker, 1969).
Thus, the effects of antibody on grafts are complex
and not clearly understood. Nevertheless, it
appears that there is a need for the evaluation of

these means of inducing antigen-specific suppres-
sion of homograft immunity to clinical organ trans-
plantation.

We thank Professor C. A. Clarke and Mrs Joanna
Elson for helpful discussion and criticism.
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