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Most basic studies directed at how immune responses are regulated employ chemically “simple antigens”, usually purified
proteins. The target antigens in many clinical situations, such as in autoimmunity, infectious diseases and cancer, are
chemically “complex”, consisting of several distinct molecules, and they often are part of a replicating entity.
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| 1. Findings from Basic Studies on How Immune Responses Are Regulated
1.1. Variables of Immunization That Affect the Th1/Th2 of the Ensuing Response

One of the earliest studies examining how the dose of a simple antigen and time after antigen impact affect the nature of
the ensuing immune response was undertaken by Salvin in the 1950s [, His findings are summarized in Figure 1. Low
doses of antigen generate, in modern terminology, an exclusive Thl, delayed-type hypersensitivity (DTH) response.
Moderate doses lead to a more rapid Th1l DTH response that declines as IgG antibody and Th2 cells are generated. The
administration of an even higher dose of antigen results in even more rapid responses, and the Thl DTH phase may be
eclipsed. Salvin’s findings have been found to indicate how responses to diverse antigens are regulated, as | discuss
later.
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Figure 1. Synopsis of the observations of Salvin (3) on how the dose of a simple antigen and time after antigen impact
affect the DTH/IgG antibody nature of the ensuing response.



1.2. Humoral Immune Deviation

Studies by a number of investigators in the 1960s showed that immunization, in a manner that results in the production of
lgG antibody, renders the immunized animal refractory for the induction of a DTH response . A DTH response is not
generated upon immunization with an antigen challenge that generates such a response in naive animals. It appears that
the immune response is locked into an IgG humoral mode. This situation is referred to as a state of humoral immune
deviation. Note that humoral immune deviation is likely pertinent to understanding why Salvin found that, upon
immunization with a high dose of antigen, the expression of DTH declines as IgG antibody is produced; see Figure 1.

1.3. Requirements to Establish and Maintain Self-Tolerance

Mitchison undertook an extensive investigation in the 1960s B! that was well recognized forty to fifty years ago. | conclude
from more recent conversations with my younger colleagues that most do not know of these classical studies, and from
older colleagues that the significance of this investigation is not evident in terms of contemporary concepts. This
investigation and related studies are consequentially largely forgotten. These studies are central to my thinking. | therefore
think it helpful if | first trace the ideas inspiring, and summarize the observations that emanated from, these studies.

Burnet and Fenner had proposed in 1949 that tolerance to self-antigens was a consequence of their early presence in
development, before birth 4, Medawar and colleagues Bl as well as Hasek and his colleagues B showed that
immunocompetent animals that had been exposed during development to a foreign antigen could no longer respond to
this foreign antigen. These studies were correctly taken as evidence supporting Burnet and Fenner’s conjecture. It is
technically difficult to administer an antigen to developing animals in most species. Immunologists therefore subsequently
examined whether it was possible to generate unresponsiveness in neonates. This was possible in a number of cases.
For example, Weigle undertook a series of such studies to which 1shall return. It was natural in such circumstances to
also pose the question of whether unresponsiveness could also be established in immunocompetent animals. This was
particularly interesting once it was realized that tolerance is not uniquely established during development as originally
envisaged by Burnet; it is an ongoing process throughout our life. This recognition came about in the following way.

Most of the studies testing Burnet and Fenner’s conjecture were carried out with “foreign” stem cells that resulted in the
adult animal being a chimera of self-cells and of cells derived from the foreign stem cells. Mitchison did a similar kind of
experiment to Medawar’s but with non-replicating foreign cells [. He found that animals exposed during development
were unable to respond to the target antigen when very young. However, they could respond at an older age unless the
target antigen was periodically administered. This finding showed that tolerance was not uniquely and stably established
in the developing animal. Maintaining tolerance was a continual process throughout life. Lederberg correctly recognized
that this finding was consistent with the idea that lymphocytes are continually generated in adults €. Incidentally, this
change in perspective also allowed scope for understanding how autoimmunity could arise in adults, as was known to
often occur &,

It is natural, if maintenance of tolerance is an ongoing process during adult life, to explore whether immunocompetent
animals can also be made tolerant. In addition, self-antigens are usually present at a constant level, whereas the
“concentration” of foreign antigens dramatically changes as the antigen impacts the immune system. | suspect but do not
know that the virtual constancy in the level of self-antigens was a driving force in the design of Mitchison’s study of the
mid-1960s. He gave immunocompetent mice a series of injections of the antigen over several weeks, with each mouse
receiving the same dose each time but with mice belonging to different groups receiving different doses. The mice, after
this regimen, were all given an antigen challenge that generated a robust IgG antibody response in aged-matched but
naive mice. He found that the IgG response to the challenge of the mice pre-exposed to the “priming” antigen fell into four
groups, depending on the size of the priming dose, which varied over about a 10,000-fold range B. Mice injected only with
saline exhibited a robust IgG antibody response. Those repeatedly pre-exposed to low, medium and high doses of antigen
respectively generate a reduced, an enhanced and a reduced IgG antibody response to the challenge. Mitchison
concluded that a virtually steady state of low and high levels of antigen reduced the IgG antibody response to the
challenge by processes he respectively called low- and high-zone paralysis; a medium level of antigen primed the
immune system for an antibody response. Mitchison interpreted the physiological significance of low- and high-zone
paralysis as contributing to the mechanism of self-tolerance among immunocompetent lymphocytes &1, | argue below for
an alternative explanation.

1.4. Cell-Mediated Immune Deviation

Parish reported in the late 1960s a study of very similar design to Mitchison’s, employing again a simple antigen 9. He
used rats as his experimental animal. The major difference between the two studies was that Parish examined the state of



DTH at the time of the antigen challenge. His observations confirmed and extended those of Mitchison. He found that the
lower IgG antibody responses associated with “low-" and “high-zone paralysis” were associated with a state of DTH to the
antigen, whereas there was no detectable or a lower level of DTH, respectively, in saline-injected rats or rats pre-exposed
to medium doses of the antigen. Tolerance to self-antigens is a state of unresponsiveness for all classes of immunity. |
suggest that Mitchison’s terms of “low-“ and “high-zone paralysis”, which reflect his idea that these processes reflect
mechanisms of self-tolerance, is misleading. | refer to these states as low- and high-zone cell-mediated immune deviation,
making clear their relationship with the processes controlling the class of immunity generated. Note the relationship
between Salvin’s and Parish’s observations. Immunization once with a low dose of antigen to immunocompetent animals
results in an exclusive DTH response, and immunization multiple times with a low dose of antigen results in a state of
DTH and of cell-mediated immune deviation.

2. Importance of Quantitative Considerations in Understanding the
Regulation of Imnmune Class

Thus, diverse observations in diverse experimental systems support the importance of antigen dose in affecting the class
of immunity generated. This support is even broader than just outlined. It is clearly of basic and practical importance to
assess the breadth of the validity of such generalizations. Moreover, as these generalizations are of a quantitative nature,
they bring quantitative considerations to the fore. There is another set of observations critical in further assessing the
universality/non-universality of these generalizations. In addition, a further experimental generalization will be described
that again illustrates the centrality of quantitative considerations.

The researchers injected different strains of mice with different numbers of leishmania parasites and assessed the nature
of the ensuing response. The researchers could thereby define for each mouse strain a “transition number”, N;. Infection
with a number of parasites below N; results in a stable Th1 response, whereas infection with a number above N; results in
a response that in time develops a substantial Th2 component. Infection with a number considerably above N; rapidly
results in a predominant Th2 response. The value of N; in different mouse strains varied over a 100,000-fold range 14,
This finding provides very strong evidence for the generality of the importance of low doses/numbers of slowly replicating
entities in generating an exclusive Th1l response. It also indicates the importance of genetics in influencing the value of N;.

As already documented, the researchers have been able to generate exclusive Thl responses by immunization with a low
dose of antigen or infection with a low number of slowly replicating entities in diverse systems. Infection with very high
doses or very high numbers, on the other hand, does not universally result in Thl responses; in fact, it rarely leads to
such a response. Parish’s high-zone cell-mediated immune deviation does not in practice hold for many antigens.
However, the generality of the finding that stimulation with low levels of antigen generates exclusive Thl responses
means we have a general means for controlling whether an antigen generates a Thl or Th2 response, unless the antigen
is part of a rapidly replicating entity. This is important. Such an ability to control the Th1/Th2 phenotype of the response to
most antigens is not evident in the context of the most popular frameworks that address how the Th1/Th2 phenotype of a
response is determined, as | discuss below.

| 3. Models to Explain Imnmune Class Regulation
3.1. PAMP/DAMP-Centric Models

The most popular frameworks for what controls whether an antigen activates or inactivates its naive CD4 T cells is
whether or not antigen impingement is associated with a pathogen-associated molecular pattern (PAMP) L2314 of 5
danger-associated molecular pattern (DAMP) REI8I7 These models posit that a PAMP/DAMP-dependent signal is
required to activate naive CD4 T cells, and that an antigen can inactivate the CD4 T cells in the absence of such a signal.
The grounds for these models have been well described by their proponents and are broadly known, so they will not be
even outlined here. | have discussed extensively elsewhere why | find them implausible B89 |n addition, it is widely
held that the nature of the PAMP/DAMP signal is of signature importance in determining the Th1/Th2 phenotype of the
ensuing response R8I This, too, | find implausible 288 Although | have described the grounds for my scepticism
elsewhere (8 | will briefly outline them here, in synoptic form, as these frameworks are so pertinent to the issues
discussed.

The researchers have reviewed above how important quantitative variables of immunization are in determining the
Th1/Th2 phenotype of the ensuing response. The dependence on the dose of antigen, or number of slowly replicating
entities, is true for foreign vertebrate antigens, such as SRBCs in mice, which are anticipated to be PAMP-free; for
transplantable tumors; and for mycobacteria and protozoa, which express very different PAMPs. It seems a PAMP-



independent mechanism is required to explain this dose dependence. Moreover, the Th1/Th2 phenotype of the response
often evolves, after antigen impact, from an exclusive Thl mode toward a Th2 mode. This is paradoxical to the
PAMP/DAMP view, as the PAMP and DAMP signals do not change with time. Lastly, the alternative | favor, outlined in the
next section, predicts that the partial depletion of CD4 T cells at the time of immunization will modulate a response with a
substantial Th2 component toward a Thl mode. This prediction has been tested by us and others in diverse systems, as
reviewed in 281, It is paradoxical to the PAMP/DAMP-centric view, as partial depletion of CD4 T cells is not anticipated to
change the PAMP and DAMP signals. These considerations indicate why | think the PAMP/DAMP-centric views are
incorrect and so an impediment to progress 18,

3.2. Threshold Hypothesis

This hypothesis was formulated in the early 1970s to describe the events that determined whether the activation of naive
CD4 T cells generates, in contemporary terms, Thl or Th2 cells 22, | then regarded, as one of its virtues, its ability to
account for how all the known quantitative variables of immunization affect the Th1/Th2 phenotype of the ensuing
response. | outline this feature below. | have recently described why | feel the hypothesis has become ever more plausible
in view of the multiple tests of its unique predictions in diverse experimental systems 8. | provide a synoptic account
here to provide context.

The two-signal model of lymphocyte activation was proposed as a minimal description of the activation and inactivation of
mature lymphocytes that provides an explanation of peripheral tolerance, as outlined elsewhere . This two-signal model
provided the context for the formulation of the threshold hypothesis. The activation of CD4 T cells, according to the most
recent formulation of the two-signal model, requires an antigen to facilitate the interaction of CD4 T cells mediated by B
cells, as the antigen-resenting cells 28129, Many observations support this model (28, The threshold hypothesis postulates
that weak and robust CD4 T cell interactions give rise respectively to Thl and Th2 cells. There are few CD4 T cells
specific for minimally foreign antigens, and so, even in the presence of optimal doses of antigen to mediate CD4 T cell
cooperation, only Thl cells are generated. This hypothesis thus accounts for the Pearson and Raffel generalization
described above. There are more CD4 T cells specific for more foreign antigens. In the presence of low amounts of
antigen, the antigen-mediated CD4 T cell interactions will be weak and so result in the generation of Th1l cells. It is known
that, after antigen impacts the immune system, helper T cells multiply, and so, as long as the level of antigen is sufficiently
sustained, CD4 T cell cooperation will increase in intensity and the response will develop a Th2 component. Even greater
amounts of antigen, more optimal for supporting CD4 T cell cooperation, will result in more rapid responses, and the Thl
phase may even be eclipsed. Thus, the proposed threshold mechanism accounts for the major generalizations of how
quantitative variables of immunization affect the Th1/Th2 phenotype of the response [2. The hypothesis predicts that
partial depletion of CD4 T cells will modulate an immune response with a substantial Th2 component toward a Th1l mode.
This “CD4 T-cell depletion” prediction has been tested and confirmed in diverse experimental systems 18 and, as
discussed above, is difficult to square with the PAMP/DAMP-centric view a8,

3.3. Cytokine Milieu Hypothesis

The plausibility of a framework depends both upon what observations it can explain and whether there are other
observations that appear incongruent. One cannot assess the plausibility of the threshold mechanism without addressing
the multitude of observations showing the importance of cytokines in affecting the Th1/Th2 phenotype of the response and
the further role of cytokines in whether Th cells belonging to other Th subsets are generated. | have recently addressed
this issue 12, and so | just indicate here the view | favor.

| suggest there is more than one mechanism contributing to how the Th1/Th2 phenotype is determined. | propose the
threshold mechanism is the primary mechanism. The envisaged role of cytokines is best introduced by a generalization
about the activity of cytokines that Th cells produce.

Most cytokines produced by Th cells that belong to one Th subset favor the further generation of Th cells belonging to this
subset directly, or indirectly by inhibiting the generation of Th cells belonging to opposing subsets 22, Examples would be
the IL-4 made by Th2 cells that stimulates Th2 but not Th1 cells to multiply 22, and another the IFN-y made by Th1 cells
that inhibits the proliferation of Th2 but not of Thi cells [23]. | argue that such properties of cytokines have interesting
consequences; if a particular Th subset predominates in an antigen-specific population of Th cells, there is a tendency for
this subset to become ever more dominant; in other words, Th cells of a particular Th subset tend to be self-promoting by
virtue of the cytokines they produce 19,

Consider an immune response to a complex antigen. As its different components will in general exist in different amounts,
they would, if uncoupled, generally induce immune responses of different Th1/Th2 phenotypes. The phenotype of the



response to a prevalent component, p, would usually be different from that of a response to a scarce, other component, o.
However, p and o will sometimes be either directly physically linked to one another or indirectly linked through another
component of the complex antigen. Thus, an anti-o-specific B cell will hot only present o-specific peptides but also other
peptides generated by processing other components of the complex antigen to which o is linked. Thus, the strength of the
cooperation determining the Th1/Th2 phenotype of an o-specific naive CD4 T cell, according to the threshold mechanism,
will depend not only on the number of other CD4 T cells specific for the nominal antigen o but also on the number of CD4
T cells specific for other components belonging to the complex antigen. In addition, the property of Th cells belonging to a
particular subset to be self-promoting by virtue of the cytokines they produce contributes to making the Th response ever
more coherent with time 2. | provide two illustrative observations that support this cytokine implementation hypothesis.
The researchers showed that the IL-4 required to support the generation of Th2 cells is made by Th cells themselves 29,
Kelsoe showed that the coherence of the Th1/Th2 phenotype of immune responses increases as they evolve 24,
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