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Is tolerance a prospective for clinical research?
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Tolerance is an emotive issue in transplantation. It is the
promised land for which we all strive and which we all
hope we shall live to see. In such circumstances, tolerance
must always be a prospective for clinical research! The
question is, therefore, better posed in a more optimistic
fashion and with a small act of faith: do we, in 1991, have
that crucial combination of basic scientific knowledge and
creative imagination to make it possible?
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Definitions and objectives

Tolerance can be most simply defined in operational
terms as graft acceptance without the use of non-specific
immunosuppressive agents. More precisely, it is donor-
specific immunosuppression. The important thing to bear
in mind is that the objective of introducing tolerance in the
clinic is improved safety (e.g. fewer infections) and im-
proved efficacy (i.e. fewer rejections). Of course, perfect
safety and perfect efficacy is the ideal. But either im-
proved safety alone or improved efficacy alone are hon-
ourable enough objectives in the shorter term. There are
three broad possibilities with regard to clinical applica-
tion:

1. Tolerance without any non-specific immunosuppres-
sion.

2. Tolerance with some non-specific immunosuppression,
probably limited to the days, weeks or months after
grafting. The objective here is to make a clinically useful
reduction in the patient’s burden of non-specific immu-
nosuppression.

3. Tolerance with normal non-specific immunosuppres-
sion. The aim here is to improve efficacy.
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Historical perspectives

The key discovery in the field was made in 1945 by Owen
[1]. He observed that dizygotic cattle twins almost invari-
ably have identical blood groups. Building on Lillie’s ear-
lier observation that cattle twins share vascular connec-
tions in utero by way of synchorial placentae [2], Owen
proposed that the consequent exchange of haemato-
poietic precursors in foetal life resulted in the life-long ac-
ceptance of these foreign cells. He was, of course, abso-
lutely correct and was able to demonstrate that the adult
twins were stable haematopoietic chimaeras. It was on the
foundation of Owen’s observation that MacFarlane-Bur-
nett proposed, in 1949, his brilliant clonal selection theory
of immunity [3]. The seal was set on this phase of develop-
ment of the field when Billingham et al. [4] reproduced in
the laboratory what Owen had observed in nature. They
induced the life-long acceptance of skin allografts in mice
by the simple expedient of injecting donor haemato-
poietic cells during foetal life.

Although the experimental model of Billingham et al.
[4] was of no immediate clinical relevance, the experi-
ments were of greatimportance. The work of Owen and of
Billingham et al. has demonstrated that the spectrum of
antigens regarded as self is not a fixed and immutable
characteristic, but an acquired characteristic subject to ex-
perimental and, therefore, potentially, therapeutic mani-
pulation.

Preliminary points

There are three preliminary points which are useful to
consider as a background to the more detailed discussion
on tolerance.

1. The T-cell is the only important target

Although allograft rejection is a complex phenomenon
involving many cell types and soluble factors, everything
depends on the T-cell. If the T-cell is neutralised, nothing
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happens. Therefore, the only target that needs to be con-
sidered for tolerance induction is the T-cell.

2. The thymic and peripheral compartments

A second and potentially very important point is that
there exist two distinct T-cell compartments, and each
needs to be considered separately for tolerance induction.
These are the thymic and peripheral compartments. The
peripheral compartment is the pool of mature T cells in
the lymph nodes, blood, spleen and so on, which are pres-
ent at the moment the vascular clamps are released and
which are ready to attack the graft. Once sensitized, long-
lived T cells with specificity for the graft can be generated.
The thymic compartment continuously produces
throughout our lives new T cells and seeds them into the
peripheral compartment. There is no a priori reason why
these new T cells should not have specificity for and be
able to attack the graft. This generation of new T cells, al-
though most marked in young persons, nevertheless per-
sists throughout life.

3. Mechanisms of clonal T cell inactivation

There are believed to be three mechanisms:

(a) Clonal deletion. This involves destruction of the spe-
cifically reactive T-cell. Although clonal deletion is be-
lieved to occur mainly in the thymus [5], it has also been
reported for peripheral T cells [6].

(b) Clonal anergy. This is a relatively new concept, and
conveys the idea that the T cell is functionally inactivated,
but not killed. It is believed to occur when T cells make
contact with an antigen in the absence of costimulatory
signals necessary for activation [7]. The anergic state is
poorly understood. Although it is believed to occur
mainly in the periphery, anergy might also be induced to
some degree in the thymus [8].

(c) Clonalsuppression. This is a familiar concept and im-
plies the active suppression of a T cell clone by other
T cells. Although the phenomenon is a real and powerful
one, it is poorly understood [9].

Advances in basic science

Over the past 5 years there have been huge advances in
our knowledge of two areas of basic immunology of imme-
diate relevance to transplantation. These are the physio-
logy of self tolerance and the nature of T-cell allorecogni-
tion in transplantation. These advances provide us with
crucially important guide-lines for our objective of achiev-
ing tolerance in the clinic.

1. The physiology of self tolerance

Throughout our lives, T cell precursors from the bone
marrow enter the thymus. These cells express neither
CD4 or CD8 antigens nor any chains of the T cell receptor.
They give rise to two types of T-cell, distinguished by the
type of antigen receptor expressed [10]. A minor compo-
nent become Y3 T cells, which emigrate from the thymus
and accumulate preferentially in the skin and mucosal sur-
faces. Although it is not yet certain, the available data sug-
gest that y8 T cells do not play an important role in allo-

recognition [11]. We can probably afford to ignore themin
our discussion of tolerance, but we must not forget them
entirely.

The major population of T cells has the T cell recep-
tor, and in the course of its maturation it goes through two
selection steps. Early in its development, the o T cell co-
expresses the CD4 and CD8 molecules and goes through a
positive selection step by interacting with the epithelial
cells of the thymus cortex. It is at this stage that the bias to-
wards self (more precisely, towards the MHC molecules
on the thymic epithelial cells), or the property of self
MHC restriction, is acquired. Those T cells that have
antigen receptors with too low an affinity for the MHC
molecules on the thymic epithelium die by neglect. There
then follows a negative selection step, where T cells with
receptors having a high affinity for the MHC molecules on
dendritic cells at the cortico-medullary junction die by a
process called apoptosis. This is the clonal deletion which
is responsible for much of self tolerance, and predicted in
1949 by MacFarlane Burnett [3]. Cells which survive this
step become mature CD4 + or CD8 + positive affT cells.

What is crucial to us as transplanters is that the den-
dritic cells responsible for the clonal deletion step are of
bone marrow origin [12]. This was demonstrated many
years before the role of these cells in clonal deletion had
been established. It follows that in allogeneic haemato-
poietic chimaeras, thymic tolerance towards donor al-
loantigen will be brought about by the same powerful
mechanisms which operate for self tolerance. This is the
important message which the new knowledge on the
physiology of self tolerance has to offer transplantation.

Donor bone marrow has been used in conjunction with
ALS and other immunosuppressive agents for suppres-
sing organ graft rejection experimentally for many years
[13] and is currently being tested in a clinical trial in kidney
graft recipients [14]). However, given the difficulty in es-
tablishing fully allogeneic haematopoietic chimaeras, it
would seem very unlikely that the above protocols are in
fact achieving chimaerism. The bone marrow might sim-
ply reptesent a source of donor antigen, such as that which
would be present on any other source of donor cells.

2. T cell allorecognition

Itis now well established that the T-cell does not recognise
conventional antigens as intact 3-dimensional structures
but only as peptides incorporated into self MHC mole-
cules [15]. The outstanding exception to this general rule
occurs in transplantation. T cells recognising allogeneic
MHC molecules actually do recognise them as intact, 3-
dimensional structures on the surface of the foreign cells.
This is termed direct recognition. The precursor fre-
quency of T cells responding in direct recognition is high,
with estimates varying between 1% and 10% of all T cells
in any individual being able to give proliferative responses
to a foreign MHC haplotype [16]. Direct T cell recogni-
tion gives rise to strong primary immune responses, and it
has been considered the major, if not the only, pathway for
T cell recognition in transplantation.



Very little attention has been given to T cell recogni-
tion of graft antigens by the normal, physiological path-
way, i.e. where the graft is treated simply as a source of
foreign protein and the allogeneic MHC antigens (and
other polymorphic proteins) are processed and presented
on recipient antigen presenting cells (APC) [17-19].
Using synthetic peptides corresponding to polymorphic
regions of donor MHC molecules [20] and isolated, dena-
tured chains of donor MHC molecules [21] to prime graft
recipients to indirect recognition without influencing di-
rect recognition, we have recently obtained definitive
proof that indirect allorecognition can play a significant
role in allograft rejection.

3. Animportant implication of the recent advances

It is potentially of fundamental importance in tolerance
induction that there exist these two quite distinct path-
ways for T cell recognition. For example, it is clear that
thymic tolerance for direct recognition can occur only if
there are living donor dendritic cells in the thymus, i.e. if
there is donor haematopoietic chimaerism. It is otherwise
quite impossible for the T cells to interact with the intact
3-dimensional form of donor MHC antigens in the thy-
mus. By complete contrast, exposure to intraperitoneally
injected ovalbumin peptides can result in deletion of spe-
cifically reactive T-cell clones in the thymus [22]. This sug-
gests that peripheral exposure to histocompatibility anti-
gens might result in thymic tolerance by clonal deletion
for indirect allorecognition (irrespective of the effect on
the peripheral lymphocyte pool).

An additional important consideration

When we consider the various approaches to tolerance in-
duction, one additional theoretical point becomes very
important. It concerns the susceptibility of the allograft to
direct T-cell recognition at various times after transplanta-
tion. The dendritic cell is the major cell type for direct
stimulation of T cells in vitro [23]. Whether or not other
cell types have the capacity to stimulate direct recognition
of unprimed T cells is somewhat controversial, the major
argument being with the vascular endothelial cell [for dis-
cussion see 24]. However, most groups have found that
MHC class II positive vascular endothelial cells, but not
other cell types, do have the capacity to stimulate direct
recognition in unprimed T cells, although the stimulation
might not be as strong as with the dendritic cell.

These points are important for transplantation because
allografts contain a special type of bone marrow derived
dendritic cell, the interstitial dendritic cell [25], whichis al-
most certainly the immunogenic passenger leucocyte.
These cells are migratory, and 1 or 2 weeks after trans-
plantation the donor interstitial dendritic cells in the graft
have emigrated and been replaced by interstitial dendritic
cells of recipient type [26]. It follows that the capacity of
the graft to stimulate direct recognition will be much dim-
inished or absent within 1 or 2 weeks after grafting, if the
interstitial dendritic cell is the major cell type for stimulat-
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ing direct T-cell recognition. If, however, the vascular en-
dothelial cell also has this capacity, the graft retains the ca-
pacity to stimulate direct recognition throughout its life.
This is because the vascular endothelial cell is an intergral
component of the allograft and remains of donor type un-
less there has been much damage [27].

One of the major and most curious anomalies in trans-
plantation might be explained on the above basis. It
concerns the ease with which allografts are accepted in
rodents, especially after very brief treatment with
immunosuppression. I postulated some years ago that the
species difference in expression of class II MHC antigens
on vascular endothelial cells could be the crucial factor,
the rat not normally expressing class II whilst in man
many vascular endothelial cells normally do express
class II antigens [28]. If our thinking is correct, this would
leave rat allografts without the capacity to stimulate direct
recognition after 1 or 2 weeks in the new host, whereas
this capacity would be maintained indefinitely by human
allografts [28].

Possible approaches to tolerance induction (Table 1)

Approach 1. Antibodies to CD4 molecules, cytokine re-
ceptors etc., aim to interrupt necessary costimulatory sig-
nals and thereby induce anergy. It should not be forgotten
that this approach induces powerful non-specific immu-
nosuppression, a fact which, surprisingly, is often over-
looked.

Approach 2. This corresponds to the old definition of “ac-
tive enhancement” and is the oldest approach to tolerance
induction. Water soluble MHC molecules have long been
seen as a potentially powerful approach for tolerance in-
duction with low risk of sensitisation. Cells carrying donor
MHC antigens but without costimulatory capacity (e.g.
transfected fibroblasts) have been considered recently for
the induction of anergy.

Approach 3. Selective irradiation of the organised lym-
phatic tissues appears to produce powerful non-specific
suppression and might allow graft recipients in the longer
term to stop all immunosuppressive medication [29].

Table 1. Possible approaches for tolerance induction

1. Antibodies to CD4 molecules, adhesion molecules, cytokines
and cytokine receptors. Soluble competitors of these systems,
e.g. soluble cytokine receptors

2. Donor antigen treatment
(a) Water soluble MHC antigens
(b) Cells expressing donor MHC antigens but lacking costimu-
latory capacity
(c) Other forms, e.g. blood cells, spleen cells, liver membranes

. Total lymphoid irradiation (TLI)

. Passive enhancement, i.e., antibodies to donor MHC antigens
. Toxins conjugated to IL-2 or to antibodies to the IL-2 receptor
. Donor thymus graft

N O W

. Donor haematopoietic chimaerism
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However, TLI is a cumbersome technique, it produces
long-term effects on the immune system and the results
are not consistent.

Approach 4. The administration of antibodies to donor
MHC antigens, known as passive enhancement, is prob-
ably effective by blocking donor interstitial dendritic cells
[30], but is a weak form of immunosuppression with many
problems in clinical application [31, 32].

Approach 5. The objective here is to destroy T cells which
have been activated by graft antigens to express IL-2 re-
ceptors.

Approach 6. This is a superficially attractive idea since it
implies that tolerance in the donor thymus will result in
powerful tolerance to donor antigens. As we shall see this
might not be the case.

Approach 7. The establishment of donor haematopoietic
chimaerism is the most rigorous donor-specific treatment
for organ transplantation.

Theoretical consideration of the various approaches to
tolerance induction

In Table 2 and in the ensuing discussion I have tried to
predict the effect on the thymic and peripheral T-cell com-
partments of some of the approaches listed in Table 1.

Table 2. Theoretical considerations concerning the effects of vari-
ous protocols for tolerance induction

Treatment Type of T-cell T-cell compartment
recognition Thymus Periphery
Cells without Direct No effect Anergy
costimulatory Indirect ?tolerance  ? sensitisation
capacity ? suppression
Antibodies to Direct No effect Anergy
CD4 antigen Indirect (? tolerance)® Anergy
Water soluble Direct No effect ? No effect
histocompatibility Indirect ?tolerance  ? no effect
antigen ? sensitisation
? suppression
Donor lymphoid  Direct No effect ? sensitisation
cells Indirect ?tolerance  ? suppression
? anergy
? sensitisation
? suppression
Donorthymus  Direct ?noeffect  ?sensitisation
graft Indirect ? anergy ? suppression
Tolerance  ? sensitisation
? suppression
IL-2 toxin Direct No effect Tolerance
conjugates Indirect (? tolerance)" Tolerance
Donor Direct Tolerance  (anergy)®
haematopoictic  Indirect Tolerance®  (suppres-
chimaerism sion)
(suppres-
sion)®

aThe tolerance would be a consequence of antigen release from the

accepted allograft, and not directly of the treatment
» Refers to situations with mixed haematopoietic chimaerism

1. Cells with donor MHC antigens but lacking
costimulatory capacity

(a) Peripheral compartment. Assuming they work per-
fectly well (which is a major assumption) cells carrying
donor MHC antigens but lacking costimulatory capacity
should induce anergy for direct recognition in the periph-
eral T-cell compartment. However, as the antigens will be
taken up and presented by recipient APC, the effect onin-
direct recognition in the peripheral pool is unpredictable.
Either sensitisation or suppression could be generated,
anergy not being possible since the antigen presentation is
by professional APC. This approach, therefore is unlikely
to be of value.

(b) Thymic compartment. From our preceding discus-
sions, it is clear that there will be no effect at all on the pro-
duction and release from the thymus of T cells with capac-
ity for direct recognition of the graft. Therefore, once
treatment is stopped, the newly released T cells with ca-
pacity for direct recognition should be able to attack the
graft. Whether or not this will be a problem will depend on
the capacity of the graft to stimulate direct recognition
once the donor interstitial dendritic dells have emigrated,
as previously discussed. In man, where grafts are likely to
maintain the capacity for stimulating direct recognition in
the long term, these newly emerging T cells are likely to
represent a continuing and cumulative problem.

If there is sufficient access of administered donor
aptigen to the thymus, tolerance to the indirect recogni-
tion pathway is a possibility. Moreover, once the graft is
accepted, release of antigen from the graft might by itself
maintain tolerance for indirect recognition in the thymus.
However, this is pure speculation at this stage.

2. Treatment with antibodies to CD4 antigen

(a) Peripheral compartment. Assuming antibodies t0
CD4 antigens work perfectly well, one would expect an-
ergy for both direct and indirect recognition in the periph-
eral pool of T cells.

(b) Thymic compartment. There will not be any effect of
a'ntibodies to CD4 on direct allorecognition in the thymus,
simply because there are no donor dendritic cells in the
thymus. There will also probably not be any effect on
tolerance to indirect recognition in the thymus. If any-
thing, antibodies in CD4 antigens have been shown to in-
terfere with self tolerance induction [33]. However, as dis-
cussed above, the presence of the graft and possibly accesS
of donor antigens to the thymus might result in toleranc®
in the indirect pathway.

The problem in the clinical situation with the T cells fof
direct recognition newly emerging from the thymus woul
be as discussed in a preceding section. It is therefore un”
likely that this approach will allow discontinuation of non"
specific immunosuppression in man. It should really be
seen as an adjunct to current therapy to improve efficacy-



3. Treatment with water soluble histocompatibility
antigens

These have long been seen as a possible approach for po-
tent induction of tolerance with minimal risk of sensitisa-
tion [34, 35]. In our hands, however, truly water soluble,
monomeric class 1 MHC antigens have been without ef-
fect [36].

For an effective stimulatory interaction of a T-cell with
an antigen, the antigen is required to be on a membrane,
thereby allowing multiple interactions with the T-cell re-
ceptor, aided by accessory adhesion molecules. Itis, there-
fore, hard to imagine that monomeric interactions with
soluble, monomeric MHC molecules will occur to any
significant degree. One would guess that water soluble
MHC molecules will have no effect on direct recognition.
With indirect recognition, suppression or sensitisation in
the peripheral pool, as discussed for cells lacking costimu-
latory capacity, would be possible. The effects in the thy-
mus would also be as for treatment with cells lacking co-
stimulatory capacity.

Where water soluble MHC molecules have been
shown to be effective for immunosuppression in rodent
models or in in vitro systems, it is possible that contami-
nating aggregates might be responsible. Such aggregates
are potentially dangerous in the clinical setting.

4. Treatment with allogeneic donor lymphoid cells

These have been shown to be a powerful approach for
donor-specific immunosuppression in rodents. However,
the results are never uniform, and the risk of unpre-
dictable sensitisation makes this approach, and any other
approach involving treatment with donor antigens (}.e.
active enhancement), currently unacceptable for clm_lcal
application. However, from the theoretical point of_vneyv,
the generation of powerful, donor specific suppression 1n
the peripheral pool is very attractive. Not only would ghe
peripheral pool be covered, but also any new!y emerging
T cells from the thymus. In the long-term this gpproach
probably offers the only real hope of risk-free immuno-
suppression, but far too little is known about the factors
that influence the immune response to antigen for it to be
worth serious consideration at this stage. _

Treatment with donor antigens sometimes induces al-
loantibodies to MHC antigens. These can be damaging
but they can also suppress T cellimmune responses, albe!t
indirectly. For example, in the rat, treatment with anti-
body to donor MHC antigens (passive enhancement)
might be effective by inactivating donor interstitial den-
dritic cells [30].

5. Donor thymus grafts

This idea is superficially attractive and has l?een trlc?d ex-
perimentally [37]. However, as the dendritic Fells in th_e
medulla of the donor thymus (once the dendn_tlc cellsresi-
dent at the time of grafting have emigrated) willbe of reci-
pient type, deletion of T cells directly reactive to donor
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MHC antigens will not occur. Nevertheless, as mentioned
in a preceding section, the thymic epithelial cells probably
can induce anergy [8] and this might be the mechanism
operating in donor thymus grafts. The effect on peripheral
T cells of donor thymus grafting might be that of any expo-
sure to donor antigen.

6. IL-2 toxin conjugates

If optimally effective, i.e. if all of the potentially reactive
T cells are activated during the course of treatment, this
approach should result in deletion of all donor specific
T cells in the peripheral pool. However, because there are
no donor dendritic cells in the thymus, there will not be
any effect on tolerance to direct recognition in the thymus.

7. Donor haematopoietic chimaerism

This is the only approach which will induce tolerance for
direct recognition in the thymus, as it is the only approach
which provides dendritic cells of donor type in the thymus
medulla. If there is 100% donor haematopoietic chimaer-
ism, this would have been achieved by a total destruction
of the recipient’s haematopoietic and immune systems.
Questions of direct and indirect recognition of donor anti-
gens in the periphery become irrelevant. However, the
matter of indirect recognition in the thymus becomes both
complicated and interesting. The developing donor
T cells will have recipient MHC molecules as their re-
stricting element since this is a characteristic acquired by
interaction with and positive selection on the thymic epi-
thelial cells. Therefore, indirect recognition should
become irrelevant in this context.

With mixed donor and recipient haematopoietic chi-
maerism, some form of T cell inactivation must be oper-
ating in the periphery in both recipient-anti-donor and
donor-anti-recipient directions. Since there would be
abundant host and donor antigen in the thymus, tolerance
for indirect recognition in both recipient-anti-donor and
donor-anti-recipient directions would be likely.

Is tolerance, therefore, a prospective for clinical research?
Let us look at the three clinical possibilities discussed at
the beginning.

1. Tolerance without any recourse to non-specific
immunosuppression

This is donor-specificimmunosuppression that is as safe as
a course of penicillin or vaccination against tetanus, i.e.
achieved with minimal or no interference with the reci-
pient’s immune system. There is no known protocol
whereby this could be achieved in the clinic at the present
time. On theoretical grounds, as discussed in a preceding
section, the induction of powerful peripheral suppression
for direct and indirect recognition probably offers the
only real hope of achieving this objective. A protocol in-
volving treatment with donor antigen is probably how this
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will be achieved, but reliable production of peripheral
suppression without the risk of sensitisation will require
better understanding of the factors that influence the host
response to antigen.

2. Tolerance with reduced non-specific
immunosuppression

In practice, this means non-specific immunosuppression
restricted to the weeks or months around the time of graft-
ing. There are probably two approaches to achieve this:
the use of total lymphoid irradiation (TLI) and the induc-
tion of donor haematopoietic chimaerism. TLI can induce
powerful peripheral suppression, but is a cumbersome ap-
proach and has long-term effects on the immune system.
The induction of donor haematopoietic chimaerismis cur-
rently a dangerous procedure and has long-term risks of
malfunction of the immune system. However, if these
problems can be solved or minimised, the implications for
organ transplantation would be incalculable.

3. Tolerance to improve safety and/or efficacy in patients
treated with normal courses of non-specific
immunosuppression

The hopes here probably rest mainly with the use of hu-
manised antibodies to CD4 and other adhesion and acces-
sory molecules, and humanised antibodies to cytokines
and cytokine receptors. While antibodies to CD4 antigens
can result in tolerance without long-term immunosup-
pression in rodents [34] this is unlikely to be the case in
man, as discussed earlier in this paper. Depleting donor
organs of interstitial dendritic cells might also make an im-
portant contribution in reducing the strength of the rejec-
tion response that must be dealt with, but this depends on
how important a contribution they make to the immu-
nogenicity of human organs, as discussed in a preceding
section.

Conclusion

The promised land is still beyond the horizon, so nobody
knows how quickly or how slowly we shall reach it. I hope
that this review has clarified some issues and focussed at-
tention on the more promising paths, so that the wait
might not be too long. Certainly, I think that today we
have a clearer idea of where we stand and the magnitude
of the problems that face us.
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