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The control of the immune response: the significance
of network theories1
P. G. H. GELL

Cdo Department of Pathology, Cambridge, UK

'. . . this web serves as flooring to us flies.
Who disregards this web binding the skies
That man himself denies.
The Web! Life! Liberty! all else is lies!'

Attercop: the All-Wise Spider
(ROBERT GRAVES, speaking ironically)

Introduction

Our knowledge of the control of the immune
response, once supposed to be just a simple matter of
antigen getting at cells and encouraging them to
produce antibodies, is now becoming much more
complete and thereby more -complicated. In fact, by
discounting the primitive concept of immunology as
defence and looking at it as a pure biological
phenomenon, immunologists have disclosed a
system which in complexity of integration is com-
parable only to the central nervous system with
which indeed it has many intriguing analogies. I
attempt here to make a clear, though inevitably
dogmatic and oversimplified, outline of this still
fluid situation. I shall first identify the broad topics
that will be dealt with, and then return and consider
each in detail.
The essential interacting elements are the thymus-

derived T cells, the B cells, which actually form
antibody, the macrophage, and antibody itself, free,
as a fixed receptor on B cells, or bound to cells in
other ways. For reasons of space, I have to omit any
detailed consideration of the activities of macro-
phages, though this leaves a sore gap; but I need to
describe the lymphoid cell antigens, the handles on
cells which define the populations concerned
(whether immunoglobulin receptors or antigens
coded by the major histocompatibility complex
(MHC) ), and the role that they play in the modula-
tion and- control of the response.
An immune response is something that occurs on

the background of a stable state. Since biological

'Royal College of Pathologists Foundation Lecture
delivered at the Royal College of Physicians on 14
November 1978.

Received for publication 14 March 1979

systems are turning over all the time, something
positive has to be done to secure this stability or
homoeostasis. Rather little is known about how this
stability is procured, either for the immunoglobulin
concentration or for the immunologically involved
cells. I want therefore to discuss possible ways of
securing biochemical and cellular homoeostasis.
Next I want to consider the immune response as a
special case of differentiation; it may be profitable to
compare the differentiation of cells in embryo-
genesis with that of the immune commitment. After
that I wish to deal with two sorts of interacting
systems or networks. The first of these involves the
idiotype, marking individual antibody clones. It is
by means of these that Jerne (1976) postulates the
major control of antibody production, and he
suggests that they may also be involved in the genera-
tion of diversity-the original programming of the
immune response. This elegant theory, called the
network theory, makes use of the concept of special-
ised T cells (helper and suppressor), but these are also
part of a superior sort of interacting cell network,
less clearly delineated, which involves too the major
histocompatibility complex and, in particular, the
I locus, where there are genes which specify antigens
not on immunoglobulins but on cells. Finally, I want
to suggest that the switch by immunologists to a net-
work concept parallels a switch by general biologists
and evolutionists, by sociologists, psychologists, and
philosophers. They all now are moving away from
the idea of a simple tramline of cause and effect-
essentially a reductionist idea-to adopt, I believe,
one of much greater sophistication, of multiple
elements interacting in time and space.

Mechanisms

Control systems act on the induction, maintenance,
and tapering off of the immune response; these do
not occur automatically as the inevitable result of
the presence of antigen, as used to be thought, but
have to be stage-managed. For most antigens they
are the result of the activities of various populations
ofT cells, modified by the effects of immune response
(Ir) genes, to be referred to later. The significant
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populations of T cells are the helper, suppressor,
cytotoxic, and delayed type hypersensitivity (DTH)
cells; their functional differences are correlated with
differences in various identifiable surface molecules,
though all bear a receptor with specificity for some
antigen. Helper (H) cells are needed to assist B cells
in their response to thymus-dependent antigens
(which include most of those significant in pathology)
by facilitating the switch from IgM to the function-
ally more efficient IgG antibody. Suppressor (S)
cells damp down the response by acting, not directly
on B cells, but by inhibiting H or DTH cells-a
T-T interaction. Cytotoxic (C) cells are a different
population, which lack a surface antigen present on
S cells, and actually destroy target cells; while DTH
cells are the 'specifically sensitised cells' of delayed
type hypersensitivity, and act primarily by releasing
the hormones called lymphokines. (It is also probable
that there exist definite subpopulations of H cells
which help in the induction of S, DTH, and C cells,
and of S cells which suppress the induction of DTH
and C cells; each of these subpopulations combines
specificity towards antigen with specificity for target
T cell.) In the presence of an Ir gene compatible with
antigen, immunisation leads to the generation of
H cells and hence the synthesis of antibody by B
cells, although simultaneously or sequentially
suppressor cells are generated. These latter modify
and eventually abolish antibody production, leaving
'immunological memory' in the form of expanded
clones of specific B and T cells; in this way an
immediate switch to IgG production can occur in the
secondary response. Production of IgA and IgE
antibody seems to be similarly encoded in memory;
what happens about IgD is still obscure.

I shall return later to the characterization and
interaction of these various classes of cells, but an
essential part of the mechanism of control involves
the concentration of antigen and, to some extent, its
physical properties. Too high or too low a dose leads
to tolerance, that is, temporary or permanent
failure to react to a specific antigen. This may occur
by 'clonal deletion', which means that B cells,
potentially reactive via their receptors with that
particular antigen, cease to be detectable by any
technique. But very often, although immunisation
with the antigen in question fails to evoke a response,
other methods, for example, special adjuvants or
immunisation with a cross-reacting antigen, will
induce antibody production, and the tolerance can
be shown to be due to suppressor cells. The macro-
phage also plays a part in protecting the immune
system from too much antigen. It is not yet clear to
what extent high-dose tolerance with cytotoxic
clonal deletion is involved in the normal development
of the response; but how this could happen is

indicated in the discussion of the network theory
below.

I should comment here on the relevance of these
ideas of the classification of so-called hypersen-
sitivity reactions into four types first published 16
years ago and familiar to most people (Coombs and
Gell, 1963). This classification, which was never
claimed as a 'natural' one but purely as a convenient
set of pegs upon which to hang the knowledge
available at that time, is still, I think, of use clinically.
However, there is a danger of its becoming a
hindrance when we are analysing the actual natural
history of the immune response, about which we
know now a great deal more than we did in 1963,
and it should in this field at least be abandoned in
favour of one based upon the nature of the cells
involved. With this proviso, it can be pointed out
that where clonal destruction is important it can be
by way of auto-antibody-dependent type II reactions,
via either complement or the Fc receptors of killer
cells, which may or may not be T cells; there is also
a stimulant arm to type II, not necessarily acting via
a T cell at all. Type III antigen-antibody complexes
are immunogenic; antigen-excess complexes can
stimulate H cells and antibody production, while
antibody-equivalence complexes stimulate suppres-
sor and DTH classes of T cells, leaving the organism
primed for H cell production. This is exemplified by
the old technique for producing pure delayed hyper-
sensitivity, without antibody, to an antigen, by
injecting antibody-equivalance complexes of it (Uhr
et al., 1957). This clearly produces a population of
DTH cells, without H cells, and probably produces
some S cells as well. A further dose of antigen,
however, will release the lymphokines which directly
or indirectly promote the formation of helper cells.
These effects of complexes themselves form an
elegant feedback loop to control antibody formation.
Type IV reactivity is just the activity of the DTH
class of T cells, considered in isolation from the
other classes, and from other mechanisms which can
produce what we now call a delayed onset hyper-
sensitivity (Godfrey and Gell, 1978). There are
therefore multiple ways of either promoting or
damping down the immune response; in effect, all
options are left open, and any stimulus can provide
a positive or a negative effect according to circum-
stances. The nature of these circumstances is the key
to immunological controls.

Cell surface antigens as handles

The cells that embody the specificity of the antibody
response are the B cells with immunoglobulin
receptors on their surface membranes. These define
the cell both as a target for antigen and as a target
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for T cells; they form a hierarchy of specificity
defining smaller and smaller groups. We start with
the class (and subclass) specific determinants of Ig
constant regions, which define cells able to produce
Ig molecules of broadly different function, IgG, IgA,
IgD, etc. Then we have the allotypes, genetic markers
of both L and H chains. In the rabbit, in which they
have been best defined, the most interesting of these
are independent of the class of Ig and so are pre-
sumably associated with a variable region; they may
be used for homoeostasis. An ultimate level of
specificity is the idiotype label on the individual
V-gene product (see below), which is part of or
closely associated with the combining site of anti-
body. The specificity of T cells probably resides in
the fact that they carry the same variable region as
that in immunoglobulins, but not the known antigens
of the constant regions. For this reason the idiotypes
are demonstrable on both B and T cells; while
allotypes present on B cells may or may not be
demonstrable on T cells also. All these are handles,
which allow whole sets of cells to be differentially
manipulated by control mechanisms to be discussed;
they function exactly like the holes on a punch card.
It must, for example, be by making use of the H
chain constant region antigens that different classes
of Ig, such as IgE, are promoted or suppressed by T
cells according to the functional activity required
(Tada, 1974).

There are two other groups of cell membrane
antigens which are not components of Ig molecules.
The first group comprises the 'maturation' antigens
of thymic cells and T cells; they are differentiation
antigens for T cells and are not obviously involved in
the immune response as such. However, the second
group certainly is. This, the Ly (that is, lymphocyte)
set, consists of three genes with alleles which specify
antigens of T cells (Ly 1, 2, and 3. Ly 4 is of a

different set altogether) these may be represented on
the cell membrane singly or in combination, and
characterise the various classes of T cells. For
example, suppressor cells in the immature animal
are often Ly 1, 2, 3 but in the mature animal are Ly
2, 3 while helper cells are Ly 1 (of Cantor and Boyse,
1977). It is not clear yet whether nature or just the
immunologist makes use of these to manipulate T
cell classes. Crucial, however, in the immune
response are the genes associated with the I region of
the major histocompatibility complex. In this are two
subregions, A and J, of which A is on many
sorts of cells and J (once called Ia 4) characterises
suppressor cells (Okumura et al., 1976). Also Ly 1
(helper) populations contain some cells labelled with
a new antigen Qa 1, which enables such cells to
modulate the response by inducing suppressor cells
(Huber et al., 1976). There is no reason to suppose
that there are not further T cell antigens to be
discovered. There are also genes in the I region (Ir
genes) which control specific responses to antigens.
Whether these are actually the genes for V regions of
the T cell receptor or a wholly independent set (see
Katz, 1977) is still controversial (Table).
The elaboration of this round dance of colluding

cells, the cell interaction network referred to again
later, is nature at her most fantastical. Although all
this information has been derived from mice, and
unnatural though not abnormal mice at that, it seems
probable on the past record that it will apply to
processes in man and in other mammals as well.

Allotype suppression and homoeostasis

A good illustration of the wide-range control of cell
activity by means of handles is supplied by the
admittedly artificial situation of allotype suppression.
Iso-antibody can easily be raised against allotypes on

Table Cell antigens and cell activities

Cell type (mouse) Locus H. I region Ly Qal Ir gene* (la molecule) Activity

f-- Stimulate IgM to IgG switch in
T H + A? 1 B cells

+ - Induce S, C, and DTH cells
T S + J 1, 2, 3 to .. Suppress H cells also C and

2, 3 DTH cells
T Cy + - .. .. - Destroy ag.-containing cells
T DTH + .. .. .. Release lymphokines
B + A? - - + Form antibodies
K .. .. .. .. .. Destroy antigen-containing cells

with assistance of antibody
Macrophage + A? - .. ?+ Induce immune response*
Other non-lymphoid cells +

H. = homograft loci; Ia = I-region associated antigen; Ly = Ly antigen: newly-formed T cells are probably always Ly 1, 2, 3. Note that
each of these loci (and those of the I region) has alleles, paired and identical in inbred mice. Notation is usually for, eg, helper cell in outbred
mice = Ly 1xY 2-,3-. .. no general agreement; * See Benacerraf (1978).
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immunoglobulins by immunising an animal (mouse
or rabbit) with iso-specific Ig containing an allotypic
determinant, whether of light or heavy chain, which it
lacks itself. It can be shown that contact of a prenatal
or neonatal animal with such an antiserum will lead
to the suppression of the activation of that allotypic
allele for a period as long sometimes as the whole
lifetime of the animal. In mice it has been demon-
strated that this is a function of suppressor T cells
(Herzenberg et al., 1976), and the same mechanism
probably operates in the rabbit. A lot of the infor-
mation about S cells quoted above has been gained
from this model.

It is relevant to ask two questions about this
phenomenon: Firstly, what functions as 'antigen'
in inducing these S cells? And, secondly, does the
artificial situation of the experiment reflect, in
exaggerated form perhaps, a natural mechanism? To
the first the answer is best approached by work in
the rabbit. There are reasons for thinking that sup-
pression occurs in two stages. The first stage is prob-
ably due to coating of Ig cell receptors bearing the
determinant concerned with the administered anti-
body so that stimulation by antigen is interfered with
and cells with this marker never start to contribute
to the pool of circulating Ig. In the rabbit, allotypic
sites are very close if not within the variable region
at least of the H chain and detectable on T cells, so
the function of both B and T cells may be interfered
with. On the whole, the evidence is that 'blindfolding'
of this sort rather than clone elimination is respon-
sible. In the second stage, another mechanism is
thought to be responsible for the generation of the S
cells, which may indeed be a quite general one,
namely, the intervention of what is essentially an
autoantibody. We know that autoimmunisation is
possible in this system, since we can raise strong
antisera by immunising suppressed animals with Ig
of the suppressed allotype. One can then postulate
the genesis of a rather odd sort of antigen. This
centres on a cell with Fc receptors (whether a T cell,
a B cell, or a macrophage); these receptors attach to
complexes of antibody with stripped B cell receptors
containing the suppressible determinant, and display
the allotypic determinants in immunogenic array. In
these circumstances small (indeed undetectable)
amounts of autoantibody may be generated, enough
to keep up the process of stripping cell receptors as
they appear and using them to make more auto-
antigen, and simultaneously inducing many sup-
pressor cells. The specificity of suppression is
evidently for cell receptor-allotype rather than for
free Ig allotype, since after stage two the suppressive
effect is not neutralised by injecting gross excess of
the suppressed allotypic IgG (Catty et al., 1975).
When one finds an easily reproducible mechanism

P. G. H. Gell

like allotype suppression one is uneasy until one can
identify a natural physiological function of which it
is an experimental distortion. It has been suggested
that this may be the normal mechanism for bio-
chemical homoeostasis of polymorphic substances
in the body-whether alleles, such as the allotypes, or
under separate gene control, such as the kappa and
lambda light chains of Ig; in both cases, as in others,
the ratio of one isomorph to the other seems to be
kept very constant in an individual. The mere
survival in evolution of a polymorphism suggests
that it confers some selective advantage, and there-
fore there may be a good reason for not letting the
ratio drift too far in the individual. It is conceivable
that other polymorphisms also are stabilised by way
of subliminal amounts of autoantibody and sup-
pressor cells.

Induction and differentiation

Before discussing further theories of the control of the
immune response, it is desirable to survey shortly the
process by which the ground has been prepared.
This, the process of the generation of diversity, is
essentially one of differentiation, and it may be
profitable to compare it with differentiation as con-
ventionally understood, that is, the maturation of
the embryo and fetus. In immunology, differentiation
can mean two things: there is the induction response
to foreign antigen, by which the T cell is sensitised
and the B cell switched on; to this I must return later.
But this is different from what has come to be known
as precommitment, the assumption, or dogma, that
for every B cell there is one and only one specific
intrinsic immune product, that is, only one activable
V-gene. Most current theories make this assumption
though they do not necessarily entail it; it is still
possible, though unfashionable, to believe that a
cell may carry many specificities, only one of which
is manifested at any one time. (Experiments appar-
ently disproving this have, I believe, alternative pos-
sible explanations, such as the induction of S cells.)
Generally, however, there is assumed to be only one
gene for a V region per cell, which has been pro-
duced by a process of somatic mutation. Whether
this mutation occurs at a single gene site only, or
could have occurred at many alternative sites (but
with the implication that once one site has mutated
no other sites can produce a viable mutation), is
still undecided; there are difficulties in either view.
Genes to sustain such somatic mutation may

become available in clones which otherwise would
have to be eliminated. There are three possible
sources of these. The first consists of anti-self cells
arising in a purely random way, which, according to
Burnet's original version of the clonal selection
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theory, are eliminated in development (Burnet, 1959).
The second consists of a more specialised set of
these, the anti-allo-antigen cells which happen to
react with self (Jerne, 1971): that many such cells
will be available is suggested by the uncommonly
large number of allo-antigen reacting cells usually
detectable (Nisbet et al., 1968). A third consists
possibly of 'agonist' producing cells entailed by
Brunner's theory of differentiation, discussed below.
All such anti-self cells, existing in embryonic life
and producing nothing perhaps recognisable as an
immunoglobulin but just a substance with binding
sites complementary to a self component, may
escape destruction by mutating at the V gene site
and so generating a population of clones bearing
randomly diversified V gene coded cell receptors.
As far as embryological development goes,

according to Waddington (1973), the cell gets trapped
in what he calls a chreod or chreodic pathway so
that once tipped into a channel of development it has
to go on. This is all right as far as the individual cell
is concerned and, to some extent, as far as the organ
is concerned, but gives little chance for other parts
of the organism to influence development and, in
particular, to coordinate it in time. An interesting
recent theory is that of Brunner (1977), who postu-
lates that before a gene or cistron is switched on two
elements must be present: one is a receptor on the
cell membrane whose time of appearance is pro-
grammed in the cell nucleus; the other is a reactant
from outside which we might call an agonist, with
binding specificity for this receptor. Until these come
together a particular change such as the switching on
of a gene does not happen, the cell does not move
into the chreodic pathway. The similarity to the
immunological induction is obvious. The agonist,
however, in the absence of any developed immune
apparatus, is analogous not to a receptor but to the
V region of an autoantibody, and a very large
number of such substances would need to be formed
progressively in development in order to cope with
the differentiation of all kinds of cells. Genes coding
for such substances already equipped with a com-
bining site, and presumably with the sequences
needed to attach them eventually to C regions to
form immunoglobulins, could diversify by mutation
as suggested above.
The idiotype network

Jerne, in his network theory, posits that the immune
response is directed by way of antibody-type
molecules, free or on cells, reacting with one another.
He gives a very lucid description of current theories
and of his own thinking in his 1975 Harvey Lecture
(Jerne, 1976).
We start from the model that was generally

accepted by immunologists before the full complexity
of the control mechanisms were realised (eg, Bell,
1971). In this, the assumption was that the immune
response of a lymphocyte or a small set of lympho-
cytes is solely antigen driven and independent of
other sets of lymphocytes, the progress of events
being determined wholly by antigen concentration.
The termination of an established response was
assumed to be by antigen elimination as a result of
combination with antibody. Such a theory can
account reasonably well for odd phenomena such
as high and low zone tolerance, the change of anti-
body affinity with time, and so on; but it takes no
account of cellular interactions, in particular T cells,
and the termination mechanism is rather dubious.
The new information which has to be incorporated

is on the activities of the T cell classes (H, S, C, and
DH) and also of helper and suppressor soluble
factors which are now considered to be secreted by
H and S cells (cf. Symposium edited by Sercarz et
al., 1977) and of the DH cell factors (lymphokines).
Some at least of these are antigen-specific but do not
have any of the known constant region antigens of
soluble immunoglobulins; they are thought to be
free T cell receptors containing the V region only,
in complex with antigen and with a non-specific tail
to determine whether they help or suppress, of as
yet unknown composition.
The other information to be incorporated is on

idiotypes. It is now known that every antibody
molecule from a given clone carries a unique deter-
minant which is iso-immunogenic; that is to say,
antibodies against any antigen whatever raised in
one rabbit can be used to immunise other rabbits.
This determinant is near but not necessarily part of
the combining site of such antibody, that is to say,
it is in the V region: we call it the idiotype character-
ising that clone. It has also recently been shown that,
contrary to earlier assumptions, the idiotype is auto-
immunogenic; that is to say, there is the possibility
of an immune response to the idiotype of an antibody
which the animal has itself produced. But a specific
induced cell, carrying at least a hundred thousand
identical V regions on its surface, is analogous to the
autoantigen which was postulated in allotypic sup-
pression. Unless it is diverted by combination with
antigen it should be immunogenic, and so it is.
When idiotypes were first described it was assumed

that they could not be autoimmunogenic because
this would lead to an 'infinite regress': the anti-
idiotype would have its own idiotype and lead to an
anti-anti-idiotype, and so on indefinitely. The nub of
Jerne's network theory consists in replying to this
objection: well, why not?
To backtrack a little at this stage one must recall

that any foreign antigen has usually a number of
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different determinants, sometimes called epitopes.
Ovalbumin, for instance, has about 10, and each one
of these stimulates a number of cells to clone and to
produce a variety of antibodies of better or worse
fit, that is, of greater or lesser affinity. Each one of
these clones will be equipped with a different
idiotype marker, so perhaps a hundred idiotype
markers may be generated by the injection of oval-
bumin. These can generate several hundred non-
cross-reacting anti-idiotype anti-antibodies, even if,
as seems possible, the anti-idiotype set is markedly
less heterogeneous clonally than an anti-foreign
determinant set is. These anti-idiotype antibodies
can themselves, being auto-immunogenic, generate
sets of anti-anti-idiotype antibodies, and so on....
All these antibody clones carry different idiotypic
markers; the cells carrying these are capable of
reacting with the antibody to their idiotype, resulting
in stimulation or suppression according to con-
ditions.
We have on this theory to postulate an enormous

library of anti-idiotypes; but their binding sites-
which are after all only areas or slots of various
shapes-can include shapes also fitting the deter-
minant epitopes of all sorts of extrinsic, foreign
antigens-indeed, of all foreign antigens. One can
among V region bearing cells therefore have coin
cidence of the anti-idiotype library and of the total
antibody library; you do not have to add the two
sets together. So for every antibody and every
antibody-related receptor on a cell there will be a
set of cells reactive with its idiotype.

This is the network.
It is helpful to make two assumptions, though

these are not essential: one is that an optimum
amount of antigen will have an inducing effect, but
an amount much larger or smaller than this will
have a suppressing effect, as suggested by the data
on tolerance (Mitchison, 1965); the other is that
prime generators of induced T cells are antigen-
antibody complexes of various sorts.
With a multiply interacting system, such as has

been postulated, one might expect that the reaction
would go to completion, as in an ordinary precipitin
reaction; this is prevented by several factors. One is
the blocking effect of low affinity combinations, that
is, the poor-fit interactions which are naturally much
commoner than the good-fit, high specificity inter-
actions. A second and perhaps more important
factor is the low concentrations of all the reactants.
A network like this, of potential interacting

molecules, in the non-stimulated animal is capable
of mathematical analysis; the parameters to be
reckoned with, such as concentrations and binding
strengths, are indicated in the discussion by Jerne
already referred to. It turns out that the percentage

of potential interactions can be quite high without
instability: that is to say, such a system is possible.
A slightly frivolous analogy can be drawn with
ecological systems. To put it simply, lions and
antelopes will have stable populations in an environ-
ment if there are not too many of either, and if
lions like eating antelopes best but will also eat
rabbits, which are much commoner (and represent
the low-affinity interactions). If there is a perturba-
tion, say a population explosion of antelopes, this
system will become unstable. The perturbation in
immunological systems is supplied by antigen.

Figure 1 suggests some properties of the model
which has been outlined, which is very much more
fully and precisely defined by Jerne; in particular,
it indicates how one level of anti-idiotype sup-
pression can reinforce the antibody level two above
it in the hierarchy. This model will deal satisfactorily
with almost all the known features of the immune
response, such as tolerance and feedback inhibition.

VX.ID

A
V ID. ID

vID$ ID
vID'ID' ,

* /

V D"etc

Fig. I Part of an idiotype network: taking account of
cytotoxic antibodies and the activities of helper cells but
not of suppressor cells.
X = original antigen Q = antibody-dependent
vX = antibody to X cytotoxicity
ID, ID', ID", etc = = T-cell help

idiotypes of antibodies = reinforcement
produced

vID, vID', vID", etc =
anti-idiotypic antibodies
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Adam and Weiler (1976) have amplified it to account
for the generation of diversity by a somatic mutation
process. Cells can escape suppression by preexisting
cells, suppressive and cytotoxic for their idiotypes,
by mutating. Mutations-that is to say, replication
errors, which occur inevitably and regularly-will
be preserved in the phenotype if there is some
advantage to be gained from them. In this model the
(negative) advantage ofescaping suppression supplies
the 'selection pressure' for mutation. This will
encourage diversification to proceed to the limit of
chemical viability of the V region molecule; the
ultimate state will be a stable population of highly
heterogeneous, cell-associated V regions with their
concomitant idiotypes, each in very low concentra-
tion.

This is a very open-ended sort of model with
positive and negative alternatives open at every step;
it conforms to Feyerabend's (1975) principle for a

good scientific theory-Anything goes! But it can

be made more sensible by examples, as for instance
by Tasiaux et al. (1978), who find first an increase
and then a diminution of average affinity of antibody
over the time course of an immune response. The
increase has been accounted for already in that, as

the concentration of stimulating antigen falls, only
comparatively few high affinity cells will still be able
to bind it and be stimulated. However, soon the
cells of these few clones, with their concomitant
idiotypes, will rise in number to exceed the limit for
idiotype autoimmunogenicity. Anti-idiotype sup-
pressing effects will then occur, these clones will be
inhibited, and affinity will fall again. Tasiaux et al.
(1978) have in fact found evidence of anti-idiotypic
antibodies in this phase of the immune response.

Indeed, the network concept is, like the theory of
evolution, for instance, not really a theory that has
to be proved, but simply a new way of looking at the
immune response, a generator of working hypo-
theses to account for many detailed phenomena,
which can themselves be checked by further experi-
ment.

The cell network

The idiotype network can be described as a more or
less self-contained system, but it entails the inter-
vention of T cells and their products. As explained
above, cell surface antigens coded by the major
histocompatibility complex, in particular the I
region, characterise the various classes of T cells,
and certain of them, the Ia antigens, determine
whether a specific immunogenic (or immunosup-
pressive) complex can be formed with antigen
(Benacerraf et al., 1977). All the classes of mono-

nuclear cells, T cells, B cells, killer cells, memory

cells, and indeed also macrophages, are linked
together to form an interacting network at a higher
level than the idiotype network. Some of these
interactions are shown in Fig. 2, although this must
be understood as only tentative (cf Ward et al., 1977).
Memory cells are not included in the diagram,
although clearly they must intervene somewhere.
There is some problem in distinguishing the presence
of memory cells sensu stricto, that is, of cells
qualitatively different from their progenitors, from
merely expanded clones. There may, however, be a
specific kind of memory cell to correspond to each
of the T cell classes as there is to clones of B cells.
Macrophages also are certainly crucially involved
(Pierce et al., 1976): they play an essentially non-
specific role in the handling of antigen right at the
start of the immune response but act specifically in
virtue of the Ta antigens which they bear in its
presentation in complex with products of the MHC
to induce T cells.

H ....

I 9 ~ -

B _.------------------------------------------------------- KCC'

Fig. 2 Some interactions in the cell network.

H = helper Tcell - = help
S = suppressor T cell.-a = inhibition
D = delayed hypersen-

sitivity T cell = induction
C = cytotoxic T cell
B = B cell
K = killer cell
C' = antibody + complement cytotoxicity

Figure 2 illustrates the simpler interactions of
cells, in terms of induction on the one hand, and the
actions of inhibition and help on the other. There is
some though possibly tenuous evidence for each of
the arrows, for which recent reports and references
are available in Sercarz et al. (1977), a symposium
publication. Absence of an arrow indicates that no
certain evidence for such an interaction is known to
me; it is perfectly possible that a definitive diagram
would carry more arrows than St Sebastian.
However, enough are present to illustrate network
interaction, a system in which any perturbation from
without or, as in aging or autoimmunity, from
within the organism, will set all the bells ajangle. It
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seems a natural law that nature actually prefers a
complicated system to a simple one, which should, I
suppose, make us suspicious of neat and simple
explanations anywhere in biology.
The network concept has been impressed on

biologists primarily by new information about the
nervous system and the brain in particular; no sort
of sense can be made of this without postulating
unbounded interactions, from the simplest reflexes
to the most subtle analysis of learning and creative
thought. Similarly, the simplistic Darwinian idea of
evolution being the product of natural selection
acting directly on randomly mutated genes needs,
according to Waddington (1969), reinterpretation to
take account of the many possible interactions of
the external and internal (chreodic) environment on
the phenotype. In the same way, the individual
growth of intelligence from birth by learning is also
now thought to be not simply a matter of piling one
informational brick on another, but one in which
every item of experience gained modifies every other.
In these, as well as in a host of other situations, it is
possible to see the weakness of thinking in a straight
line-A causes B causes C-and to prefer a multi-
factorial formulation. This, in history for instance,
would be painfully difficult to cope with, although
historians have been familiar with the difficulty for
far longer than biologists have. In biology, it means
that we can never say that one event is a sufficient
(though it may be a necessary) cause of another; a
different kind of thinking, more flexible than the
analytical thinking which is supposed to be char-
acteristic of science, has to be adopted, in which
steady states and perturbations and nodes, rather
than cells and organisms, are the elements of
analysis. This might be compared perhaps to the
change from classical to quantum physics.

Finally, it seems to me that the troubled problem
of human freedom and its accompanying dilemma
may be illuminated if the individual is understood as
a network of his own experiences, which constitute
his personality and determine his reactions rather
than being under a crude cause-effect chain of
determinism. I believe that this is very like what
Scotland's greatest son, David Hume, said, though
not what he has usually been taken to mean.
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