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On the Mechanism Determining the Th1/Th2 Phenotype
of an Immune Response, and its Pertinence to
Strategies for the Prevention, and Treatment, of
Certain Infectious Diseases
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It is well recognized that the physiological/pathological consequences of an
immune response, against a foreign or a self-antigen, are often critically
dependent on the class of immunity generated. Here we focus on how antigen
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A plausible decision criterion should account for the variables of immunization
known to affect the Th1/Th2 phenotype of the ensuing immune response.
Documented variables include the nature of the antigen, in terms of its degree of
foreignness, the dose of antigen and the time after immunization at which the
Th1/Th2 phenotype of the immune response is assessed. These are quantitative
variables made at the level of the system. In addition, the route of immunization
is also critical. I describe a quantitative hypothesis as to the nature of the decision
criterion, referred to as the Threshold Hypothesis. This hypothesis accounts for
the quantitative variables of immunization known to affect the Th1/Th2
phenotype of the immune response generated. I suggest and illustrate how this is
not true of competing, contemporary hypotheses. I outline studies testing
predictions of the hypothesis and illustrate its potential utility in designing
strategies to prevent or treat medical situations where a predominant Thl
response is required to contain an infection, such as those caused by HIV-1 and
by Mycobacterium tuberculosis, or to contain cancers.

Preface particular framework and illustrate its potential utility in
designing strategies of immunological intervention.

Contemporary frameworks to understand immune class
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regulation appear to me inconsistent with a series of
pertinent observations, made at the level of the system and
most described over 40 years ago. Such frameworks would
seem justifiable only if these observations are held to be
invalid. I believe most of these earlier observations have
disappeared from the collective consciousness of immunol-
ogists. I therefore describe what I regard as older, under-
appreciated but critical observations, in greater detail than
I would if T thought them better known. I also believe that
the immunological community would better contribute to
the relief of human suffering, if it embraced a more
integrated, and therefore a more valid perspective than that
offered by the contemporary, dominant frameworks. I
attempt to illustrate why I believe this. I develop a

© 2014 The Author. Scandinavian Journal of Immunology published by John Wiley & Sons Ltd.

Preliminary considerations

What is the biological significance of the existence of
distinct classes of immunity? Two facts are surely perti-
nent: different classes are differentially regulated, and both
physiological and pathological observations attest to the
importance of the class of immunity generated. For
example, the small fraction of individuals, infected by
HIV, who generate a sustained and exclusive cell-mediated
response, do not develop AIDS, whereas the large majority
of infected individuals, whose immune response evolves
into an antibody, humoral mode, do [1].

An early set of seminal observations came from studying
leprosy patients. Their clinical symptoms, and their
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362 Determination of Th1/Th2 Phenotype of a Response

expression of different classes of immunity, led to a
recognition of the importance of the differential expression
of cell-mediated immunity, as assessed by DTH reactions
to M. leprae antigens, and the presence of antibody specific
for these antigens. Two extremes were noted. On the one
hand, patients with tuberculoid leprosy had low bacterial
burdens, expressed strong DTH reactions, and had low
levels of antibody. These individuals were not very sick. On
the other hand, patients with lepromatous leprosy had high
bacterial burdens, expressed weak DTH reactions, and had
high levels of antibody. It was recognized that this
classification was inadequate, as there were many patients
who could not be assigned to these two extreme categories.
Other categories of patients were defined, envisaged as
existing between these two extremes [2]. These early
investigators did not look at the IgG subclasses of antibody
produced, and only employed DTH skin tests to assess the
strength of cell-mediated immunity. Nevertheless, their
observations indicated the importance of the class of
immunity, generated upon infection, in defining the
clinical course of the infection [2].

The underlying simplification of this description is that
there are only two classes of immunity, differentially
expressed in different patients, and that this differential
expression is an important determinant in the clinical course
of the infection. We now know that there are in humans
seven main classes/subclasses of antibody, IgA, IgE, IgM and
1gG,—1gGy;, and that the production of these is differentially
regulated. This fact attests to the sophistication of the
mechanisms controlling the class/subclass of immunity
generated. Nevertheless, the idea that there are two major
classes of immunity provided the setting for major advances.

Mosmann’s and Coffman’s discovery, that clones of
murine CD4 T cells can be classified into two subsets, was a
major step forward. Cells of these two subsets are
distinguished by the cytokines they produce upon stim-
ulation with antigen, and the classes/subclasses of anti-
bodies whose production they support [3, 4]. The Th1 and
Th2 subsets respectively produce the signature cytokines
IFN-y and IL-4. Cells of Th1 clones can mediate DTH on
transfer to unprimed mice that are challenged with
antigen. Parasite-specific CD4 Thl cells can deliver IFN-
v to class I MHC-bearing and parasite-infected macro-
phages, resulting in the macrophages’ activation and
killing of the parasites. Cells of the Thl subset can
enhance the production of murine IgG,, antibody under
certain circumstances, as described below. The delivery of
IL-4 to B cells by Th2 cells can enhance their production of
IgG, and IgE antibodies [4]. A critical step was observa-
tions demonstrating the relevance of these iz vitro findings
to the in wivo situation [5]. Mice of different strains,
infected with the standard number of a million Leishmania
major parasites, either contain the infection, and are
designated as resistant, or suffer chronic/progressive dis-
ease, in which case they are designated as susceptible.
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Containment is associated with expression of DTH to
leishmanial antigens, and with parasite-specific CD4 T
cells that produce IFN-y, whereas progressive disease is
associated with the predominant production of IgG,
antibody and parasite-specific CD4 T cells that produce
IL-4 [5]. Mice infected in a manner that they generate an
exclusive “Th1’ response, that is their CD4 T cells produce
IFN-vy but not detectable IL-4, do not produce detectable
IgG., antibody, but mice that generate a predominant Th1
response predominantly produce IgG,, antibody, and mice
that generate a predominant Th2 response predominantly
produce IgGl antibody [0].
production of IgG,, antibody appears to reflect a predom-
inant Thl response. Similarly in humans, the existence of

Thus, the predominant

DTH without significant production of antibody [2] means
that the predominant production of IgG, antibody most
probably reflects a predominant rather than an exclusive
Th1 response [7].

I shall focus here on how the Th1/Th2 phenotype of an
immune response is determined, as there are more
pertinent observations at hand on the generation of Thl
and Th2 cells than of other CD4 T cell subsets. However, I
would first like to make a few observations on the
generation of some other, more recently defined, CD4 T
cell subsets, and will also add a few further comments, once
I have discussed how the generation of Thl and Th2
responses might be regulated.

Certain gut flora are required to allow the development of
substantial Th17 responses [8]. PAMPs expressed by these
gut flora are likely involved in facilitating these responses.
APC associated with the intestinal tract have special
properties, such as their production of retinoic acid; this
production is likely significant for the generation of IL-10-
and TGFp-producing T, cells from naive CD4 T cells [9].
These observations indicate that PAMPs can play a role in
immune class determination and illustrate that the route of
immunization can be critical due, at least in part, to different
types of APC at different immunological sites. The latter
conclusion illustrates that the nature of the APC can be
important in determining the class of immunity generated.

Control of the Th1/Th2 phenotype of immune
responses

Immune deviation

Immune deviation was discovered in the 1960s and appears
central to understanding immune class regulation. Asher-
son and Stone first demonstrated that the production of
antibody to an antigen precluded subsequent attempts to
induce delayed-type hypersensitivity (DTH), a cell-medi-
ated response, to the antigen [10]. They invented the term
immune deviation. I refer to their phenomenon as humoral
immune deviation to indicate, in the name, the direction of
the deviation. Somewhat later, Parish demonstrated the
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converse phenomenon of cell-mediated immune deviation.
Rats could be immunized to express DTH to an antigen and
become partially unresponsive for the induction of antibody
[11], in studies described in greater detail below. The
existence of cell-mediated and humoral immune deviation
leads to three questions: What is the mechanistic basis of
these deviations? What is the mechanism determining
whether antigen induces a cell-mediated or humoral
response? And what were the evolutionary pressures that
resulted both in the existence of these different classes of
immunity and in their differential regulation? I formulated
a theory [12] in the early 1970s that proposed answers to
these questions. I still employ this theory to navigate my
understanding of the immune system.

I was greatly influenced by Chris Parish’s observations. I
landed up in the same department as Chris, in Australia, as
an indirect result of our common interests.

Mechanisms of exclusivity: the cellular basis of
states of immune deviation

Tan Ramshaw, Chris Parish and I explored the basis of
humoral and of cell-mediated immune deviation in the
mid-1970s. We found, in modern terminology, that
humorally immune mice harbour CD4 T cells that
‘suppress’, in an antigen-specific manner and on transfer
to normal mice, the induction of a cell-mediated response,
in the form of DTH. We refer to such cells as TsDTH cells
[13, 14]. We also showed that DTH is mediated by CD4 T
cells [14]. We thus defined two classes of CD4 T cells that
differ in three characteristics: their ability to mediate DTH,
their ability to suppress the generation of DTH responses
and the conditions under which they are generated. These
observations, made with polyclonal CD4 T cells, are
presumably related to the subsequent discovery, about a
decade later, of Th1 and Th2 clones [3, 4].

Conversely, mice, in a state of cell-mediated immune
deviation, harbour CD8 T cells that ‘suppress’, on transfer
to normal mice, the induction of an antibody response [14,
15]. We refer to such cells as TsAb cells. Later, the
existence of ‘suppressor’ CD8 T cells became a focus of the
greatest contention [16, 17]. Nevertheless, I have had no
compelling reason, in the intervening years, to doubt the
legitimacy of our observations [18]. Our findings [13—15]
tested proposals put forward in my Theory of Immune
Class Regulation [12] and are summarized in Fig. 1.

The 'decision criterion' controlling whether antigen
induces a cell-mediated or an antibody response

A believable description of how antigen interacts with cells
of the immune system, to determine the class of immunity
induced, should account for why certain variables of
immunization affect the class of immunity generated. I
considered in the early 1970s what mechanism might
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Figure 1 Summary of findings pertinent to the role of TsDTH and TsAb
cells in mediating the exclusivity of DTH and antibody responses.

constitute this ‘decision criterion’, by examining what
putative mechanisms could account for the variables then
known. I describe these variables to set the scene for
discussing the hypothesis I proposed.

Salvin, in the 1950s, examined how the dose of antigen
administered affected the class of immunity expressed at
different times following immunization. Figure 2 summa-
rizes his conclusions [19]. Note that low doses generate an
exclusive cell-mediated, DTH response; medium doses
more rapidly generate a cell-mediated response that
evolves, with time, into a humoral mode; the administra-
tion of even larger doses results in more rapid responses,
sometimes resulting in a barely detectable cell-mediated
phase. These observations reflect what seem to be surpri-
zingly general rules [20]. For example, these generaliza-
tions diverse routes of

appear true for antigen

administration, for diverse antigens such as xenogeneic

' —— DTH
====Ab
Magnitude
of response
Low dose
of antigen
Time after immunisation —
. - -
Medium dose

of antigen

. High dose
’ of antigen

Time after immunization

Figure 2 How the DTH and antibody nature of the immune response
depends upon antigen dose and time after immunization.
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red blood cells [21], the protozoan parasite Leishmania major
[22], for mycobacteria given to adult [23] or neonatal mice
[24], and in different species of animal immunized [25], in
the instance referenced, in cows.

These observations can be related to other findings.
Mitchison had examined in the mid-1960s how the
repeated administration, to immunologically competent
mice, of different doses of BSA, affects the nature of the
antibody response to a subsequent challenge of BSA that
induces an antibody response in naive mice. Administra-
tion over a few weeks of very low or high doses of the
antigen inhibited the antibody response to the subsequent
challenge, whilst intermediate doses primed the mice for a
secondary, antibody response, see the unbroken line of
Fig. 3. Mitchison, believing the unresponsiveness he
observed reflected states corresponding to self-tolerance,
dubbed these unresponsiveness states as states of ‘low-zone’
and ‘high-zone paralysis’ [26]. Parish carried out similar
experiments, but employed a different protein antigen and
administered it to rats. He made, however, one additional
and crucial measurement. He examined the degree of
expression of antigen-specific DTH in his rats at the time
of the final challenge. He found that rats exposed to very
low and high doses of antigen expressed DTH at the time
of the challenge, whereas unexposed rats, or those exposed
to intermediate doses of antigen, did not [11], see Fig. 3. It
seemed to Parish, and to me when I read of his work, that
both his and Mitchison’s observations, on the generation of
unresponsiveness at the level of antibody production,
reflected states of low-zone and high-zone cell-mediated
immune deviation. Parish’s observations were in accord
with those of Salvin, in that doses, subimmunogenic for
antibody production, induced DTH.

Note that Salvin’s observations were made after animals
were immunized once with antigen. A ‘lock’ into a cell-
mediated immune mode, resulting in cell-mediated
immune deviation, only seems to occur after repeated
immunizations over an extended period, with very low, or
high, doses of these non-living antigens. I would suggest
such low-dose antigen exposure reflects what happens
following an infection by a very few, non-rapidly replicat-
ing, live organisms.

= Antibody response
- = DTH response

Low-zone cell mediated
immune deviation

Magnitude
of response High-zone cell
mediated immune
. deviation

Sew”

Pretreatment dose

Figure 3 Observations showing the phenomena of low-zone and high-
zone cell-mediated immune deviation. For detailed explanation, see text.

P. A. Bretscher

It seems that low amounts of complex antigens, such as
SRBC [21], or infection with a low number of slowly
replicating organisms, such as mycobacteria [23, 24] and
Leishmania major parasites [22], can induce DTH, Thl
responses, but it is very difficult to generate DTH, Thl
responses by giving larger amounts of these antigens, or
infecting with greater numbers of these organisms, than
those able to induce antibodies. It may well be that the
DTH responses observed by Mitchison and Parrish, on
repeatedly administering high doses of antigen, were only
attainable because the antigens chosen are relatively non-
immunogenic, not being very foreign. I think the induc-
tion of DTH/Th1 responses by low amounts of these
antigens or lower numbers of organisms is likely to be
much more physiologically important than the DTH/Th1
responses generated upon administration of high doses of
weakly immunogenic antigens.

These studies, by Mitchison and Parish, did not look at
the class of antibody produced. These investigators mea-
sured the levels of IgG antibody by its capacity to bind
antigen. Few studies of this era looked at the subclass of
IgG antibody produced. As already noted, more recent
studies employing Leishmania major parasites [22] and
mycobacteria [23, 24] show that infection with low
numbers can generate potent and exclusive Thl responses,
without the production of detectable antibody, whereas
infection with higher, but still relatively low, numbers
generates predominant Thl responses, with the generation
of a few Th2, IL-4-producing CD4 T cells, and predom-
inant production of IgG,, antibodies [22—24].

The importance of these observations, on the different
effects of different doses of antigen in generating different
types of immunity, lies, in part, in their quantitative
nature. If successfully incorporated into a conceptual
framework, they would make quantitative considerations
central to the field.

Pearson and Raffel made a pertinent generalization, also
of a quantitative nature, that was critical to my thinking.
They suggested that certain antigens were only able to
induce cell-mediated immunity. They identified these
antigens as being minimally foreign, due either to their
small size or, being larger, being only slightly different
from a self-antigen. Moreover, antibodies to such molecules
could be raised if these molecules were chemically coupled
to a more foreign antigen and animals immunized with the
conjugate [27]. I was tentatively led to the same propo-
sition that Pearson and Raffel had stated as an experimental
generalization, from a more conceptual point of view, as I
shall now relate.

Evolutionary pressures

The Two Signal Model of lymphocyte activation provides a
ready explanation for how foreign antigens, that cross-react
with a peripheral self-antigen, can sometimes induce
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autoimmunity against the peripheral self-antigen, see my
related article on peripheral tolerance at the level of CD4 T
cells [28]. One aspect of this situation troubled me. Cells,
infected by intracellular pathogens, cross-react with the
corresponding uninfected cells and so have the potential for
inducing autoimmunity against the uninfected cell. It
would seem such situations often arise. The troubling and
paradoxical aspect of our considerations can be summarized
thus. A driving force, underlying the formulation of the
original Two Signal Model of lymphocyte activation, was
to understand how peripheral tolerance could be achieved.
As might be hoped, such a model, constructed to account
for peripheral tolerance, might also account for some of the
circumstances that lead to autoimmunity. We have seen
that the Two Signal Model did not fail in this respect.
However, the circumstances under which autoimmunity
might be induced, namely the impingement upon the
immune system of a foreign antigen cross-reacting with a
peripheral self-antigen, would seem to occur frequently. In
this sense, the explanation of peripheral tolerance seemed
‘too leaky’ to be satisfactory, in that autoantibodies would
often be induced. Moreover, reports indicated the frequent
occurrence of autoantibodies when sensitive techniques are
employed for their detection. It was in the context of such
conflicting considerations that a finding struck me.
Humphrey and Dourmashin had carefully estimated
that several 100,000 IgG antibody molecules had to bind
to a red blood cell to allow complement to be activated and
so lead to the lysis of the red blood cell [29]. This
remarkable finding led me to consider three questions. Is
this requirement necessary on a purely mechanistic basis, or
has this requirement arisen as a result of evolutionary
forces? I strongly opted for the latter possibility, as I
imagined molecular mechanisms could not be so intrinsi-
cally limiting. Secondly, I also realized that this require-
ment meant IgG autoantibody would be benign unless
specific for antigen expressed densely on self-cells. This
requirement obviously also limits the usefulness of IgG-
dependent, complement-mediated lysis to contain a foreign
invader to those situations in which the foreign antigens
recognized were densely expressed on cells of the invader.
The second question was whether foreign cells, with a
sparcity of foreign antigens on their surface, and so
minimally foreign, would induce IgG antibody, as the IgG
antibody would likely be ineffective? Pearson and Raffel’s
paper contained the suggestion not only that IgG antibody
would 70z be induced by such antigens, but that cell-
mediated immunity would, a thought I had tentatively
entertained. Their suggestions would only make biological
sense if minimally foreign cells were susceptible to a cell-
mediated attack, a proposition I therefore considered in the
form of the third question: are minimally foreign antigens
susceptible to cell-mediated, but not to antibody-medi-
ated, attack? Moreover, some observations then promi-
nently reported might provide indirect support for this

Determination of Th1/Th2 Phenotype of a Response 365

supposition. For example, there was a strong belief at the
time, based upon a considerable body of observations, that
the tumours studied, mainly caused by carcinogens or
oncogenic retroviruses, were susceptible to cell-mediated
immunity and that a predominant humoral response often
correlated with tumour progression [30]. The idea that
cancers may be minimally foreign and therefore in general
be susceptible to cell-mediated but not antibody-mediated
attack is an idea I shall return to later. A study, subsequent
to the publication of the theory of immune class regula-
tion, showed that the susceptibility of different targets,
with different amounts of MHC antigens on their surface,
to CTL and IgG antibody-dependent, complement-medi-
ated lysis, was in accord with these ideas; targets with low
amounts of antigen are only susceptible to CTL [31].

In time, I realized that many features of the differential
regulation of cell-mediated and antibody responses could
be understood from a ‘teleological’, that is evolutionary,
perspective, in the form of two ‘rules’.

The first rule is that the immune system should rapidly
mount an effective immune response against a foreign
invader. This rule accounts for why minimally foreign
antigens induce cell-mediated immunity. The induction of a
cell-mediated or a humoral response could in principle be
effective against a very foreign antigen. However, given the
envisaged, stringent requirements needed to activate IgG
effector functions, low amounts of IgG antibody would not
be effective, and only low amounts of IgG antibody could be
generated soon after infection, before much clonal expansion
of B cells had taken place. Thus, cell-mediated immunity
would be required in a primary immune response against
even a very foreign invader shortly after infection. The price
to be paid is that any autoimmunity generated against a set
of auto-antigens would, in general, be more damaging than
the production of antibody against the same set. Once clonal
expansion of B cells has occurred, and sufficient antibody can
be made so that the antibody can be effective against a very
foreign invader, a switch to a humoral mode occurs; the
consequence of this switch is that the humoral autoimmu-
nity generated is generally less damaging than the corre-
sponding cell-mediated autoimmunity would be. These
considerations led me to suggest a second rule: the immune
system does not generate a more vicious response than
necessary, to contain an invader, as this would only increase
the damaging consequences of any autoimmunity gener-
ated. This rule ‘explains’, at the teleological level, why cell-
mediated immunity is suppressed as a strong antibody
response is mounted against a very foreign antigen [12]. This
attempt, to relate the nature of the effector function in a
meaningful way to the conditions required to generate the
corresponding immune response, is an idea to which I shall
return when discussing more recent findings.

The above evolutionary considerations are those I enter-
tained when first formulating this theory of immune class
regulation [12]. If completely valid, these considerations

© 2014 The Author. Scandinavian Journal of Immunology published by John Wiley & Sons Ltd.
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imply that antibody will not be damaging when it
recognizes only a few sites, or one site, on an antigen. This
proposition is consistent with studies showing a need for
greater than a million hapten molecules on a single chicken
red blood cell to render the red cell susceptible to anti-
hapten IgG antibody-dependent lysis by non-sensitized
lymphocytes, in the antibody-dependent cellular cytotox-
icity reaction [32]. There are other situations, however,
where antibody may be destructive without recognizing
many sites on the antigen, such as the IgG autoantibodies
specific for the acetylcholine receptor seen in myasthenia
gravis. Although there may be such exceptions, there are
several instances where a Th1 inflammatory response seems
more damaging than a Th2 response. A case of interest, to
which I shall refer later, is the autoimmune non-obese
diabetic (NOD) mouse. Not all mice become frankly
diabetic, which appears to be mediated by B-islet-specific
CD4 Thl and CD8 CTL [33]. Interestingly, the immune
responses of mice genetically crippled so they are unable to
make CD28 are highly biased towards the Th1 mode [34],
and NOD mice deficient in CD28 have a much higher
incidence of diabetes [35]. It often seems to be the case that
Th1 autoimmune responses are more pathological that the
corresponding Th2 responses.

In addition, as pointed out by a reviewer, very early
responses are smaller and so less damaging, even if
inflammatory in nature, than later, larger responses would
be, providing another reason for a cell-mediated to humoral
switch. I think it highly likely that, once the differential
regulation of different classes/subclasses of immunity has
been achieved, different selective forces might result in
different features that can be of advantage to the host.

The Threshold Hypothesis

The Pearson—Raffel generalization, that minimally foreign
antigens can only induce cell-mediated immunity [27],
must mean, if valid, that the immune system has a means
of ‘measuring’ the foreignness of an antigen. On reflection,
it seems that such a ‘measurement’ must rely upon the fact
that there are more lymphocytes specific for very foreign
antigens than for minimally foreign antigens. As I thought
it most plausible that CD4 T cell activation involved CD4
T cell cooperation, it seemed natural to explore the
possibility that modest CD4 T cell cooperation leads to
Thl, cell-mediated responses, and robust cooperation leads
to the generation of Th2, antibody responses. This
possibility, moreover, naturally accounts for most of the
observations on how the class of immunity generated
depends upon the dose of antigen administered and on the
time after immunization at which immunity is assessed.
Consider first a situation in which an optimal level of
antigen and a number of CD4 T cells exists that results in
robust CD4 T cell cooperation. This situation would result
in the generation of Th2 cells. As CD4 T cell cooperation is

P. A. Bretscher

antigen-dependent, lowering the amount of antigen
reduces CD4 T cell cooperation and so, with a sufficient
decrease, the CD4 T cell collaboration will only be modest,
so only Thl cells are generated.

Consider a situation, occurring shortly after antigen has
impinged upon the immune system, where modest CD4 T
cell collaboration results in the generation of Thl cells.
One of the earliest events following antigen impact is the
clonal expansion of CD4 T cells and so, so long as the
antigen level is sufficiently sustained, the strength of CD4
T cell collaboration will increase, resulting in an evolution
of the immune response from a cell-mediated to a humoral
mode, as delineated by Salvin, see Fig. 2.

The most dramatic prediction of the Threshold Hypoth-
esis is that a partial depletion of CD4 T cells can result in a
modulation of the response from what would have been a Th2
to a Thl mode. This prediction has been tested in diverse
ways, as briefly outlined in the next section.

I have not explained, in terms of the Threshold
Hypothesis, how this hypothesis might explain that high
doses of BSA (Mitchison), or the protein used by Chris
Parish in his studies, can generate cell-mediated responses.
I know of no explanation as simple, and therefore as
compelling, as the explanation for why low doses of
antigen lead to cell-mediated responses. My suggestion
relies on two assumptions I think plausible. The first,
elaborated upon later, is that the implementation of the
threshold hypothesis occurs during step two of the two-
step, two-signal model of CD4 T cell activation. The
critical cooperation between CD4 T cells is envisaged to be
mediated by a B cell. Secondly, the optimal uptake of
antigen by the B cell involves cross-linking of the B cell’s
Ig receptors. I suggest, in the presence of large amounts of
antigen, resulting in concentrations above the binding
constant of the receptor, such cross-linking does not occur
so efficiently, and so antigen uptake is less efficient than it
is in the presence of more moderate amounts of antigen. In
this case, less antigen may be presented by B cells in the
presence of large than of moderate amounts of antigen, and
so CD4 T cell cooperation would be less robust, and Thl
cells would be generated.

Testing the Threshold Hypothesis

We, my colleagues, students and I, have, in past and
ongoing studies, tested predictions of the Threshold
Hypothesis. These studies constitute to my mind strong
support for the hypothesis, and bear on the underlying
molecular/cellular mechanisms. I briefly outline these
studies here.

In wvivo studies, employing lethally irradiated mice
reconstituted with different numbers of naive spleen cells,
but all challenged with the same dose of antigen, given
intravenously without adjuvant, demonstrate that a greater
number of unprimed spleen cells are required to generate
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Figure 4 The dependency of the efficiency in the generation of IFN-Y- and IL-4-producing CD4 T cells, panel A, and of IgM- and IgG-producing cells,

panel B, on the number of unprimed spleen cells used to reconstitute lethally irradiated mice. All mice were given the same intravenous SRBC challenge.

Responses of individual mice, three per group, are shown. Adapted from reference {36}.

Th2 than Thl cells [36], see Fig. 4. In this figure, the
parameter shown, the number of antibody producing cells,
or the number of antigen-specific cytokine-producing cells,
per million spleen cells employed for reconstitution,
reflects the relative efficiency of precursor cell activation
(leading to antibody-producing cells or to antigen-specific
cytokine-producing CD4 T cells) when irradiated mice are
reconstituted with different numbers of spleen cells.

Reconstruction studies show that the cell required in
greater numbers, to allow antigen to generate Th2 cells
under these circumstances, is a CD4 T cell [36], see Fig. 5.
In this case, mice are reconstituted with either a small
4 x 10% or a large inoculum (40 X 10 of spleen cells, or
with a small inoculum (4 x 106) and additional number of
CD4 T cells present in 36 X 10° spleen cells, representing
the extra CD4 T cells present in a large inoculum beyond
those present in the small inoculum. The observations
shown demonstrate that it is the greater presence of CD4 T
cells in a large than a small inoculum that is responsible for
the more substantial generation of Th2 cells. Moreover, the
generation of Th2 cells is dependent in an interdependent
fashion on antigen dose and number of CD4 T cells; a lower
dose of antigen requires a higher number of CD4 T cells
[36]. All these observations are anticipated on, and thus
support, the threshold hypothesis.

Every experimental system has caveats. We have
therefore tested the Threshold Hypothesis in diverse
experimental systems, including intact mice. Mice given
low and high doses of the antigen sheep red blood cells
(SRBC), given intravenously without adjuvant, mount, as
expected, predominant Thl and Th2 responses. We
attempted to make the antigen ‘more foreign’ by coupling
foreign antigens to the SRBC, and determining the effect
of this on the Th1/Th2 phenotype of the anti-SRBC
response. We coupled ovalbumin (OVA) and hen egg
lysozyme (HEL) separately to SRBC, and immunized mice
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Figure 5 Evidence that the generation of SRBC-specific IL-4-producing
Th2 cells requires more CD4 T cells than does the generation of IFN-y-
producing, Th1 cells. The responses of individual mice, three per group,
are shown. All mice received the same intravenous challenge of SRBC.

Adapted from reference [36]. For explanation, see text.

with a Jow dose of each conjugate. In both cases, the
conjugates generated Th2 anti-SRBC responses, in contrast
to a similar challenge with SRBC that leads to a Thl
response, see Fig. 6. We were unsure whether this change
in the Th1/Th2 phenotype of the anti-SRBC response was
the result of a change in the physical nature of the antigen,
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due to the conjugating procedure, and/or was the result of
recruiting OVA- and HEL-specific CD4 T cells to result in
the modulation of the anti-SRBC response from a Thl to
Th2 mode. To sort this out, we also immunized mice that
were transgenic for HEL and known to be tolerant towards
HEL at the T cell level, with the same antigens. All the
anti-SRBC responses were identical in the normal and HEL
transgenic mice, except the response on challenge with a
low dose of HEL-SRBC. This challenge induced in normal
mice a Th2 response and in HEL transgenic mice a
more predominant Thl response [37], see Fig. 6. This
observation is in accord with the prediction of the
Threshold Hypothesis and confirms Pearson and Raffel’s
proposal that the Th1l/Th2 phenotype of the immune
response, generated against an antigen, is related to its
degree of foreignness.

A number of our 7z vitro observations parallel those
made in vivo. Different densities of normal spleen cells,
cultured with the same dose of antigen, mount different
kinds of response. Medium densities allow the optimal
generation of T cells that mediate DTH, whereas higher
densities allow the same dose of antigen to induce the
spleen cells to mount a sustained IgM response with little
expression of DTH. Again, the number of T cells appears
to be critical in determining the nature of the response
[38]. These observations, employing polyclonal populations
of T cells, parallel the observations made in the adoptive
transfer system.

Further and more recent analyses have been carried out
in vitro with CD4 TcR transgenic cells. It is right to be
skeptical concerning the pertinence of 7z vitro observations
as a guide to what happens 7z vivo, and to question their
physiological relevance. Indeed, the 7z vitro experiments we
recently undertook were initiated in part to examine

whether, with our own hands, we could repeat some
observations reported in a highly quoted study [39]. The
study showed that low amounts of peptide generate Th2
responses and higher amounts generate Thl responses. We
were skeptical of the physiological relevance of these
observations, partly because they were in contradiction
with most in vivo observations, as illustrated by those of
Salvin [19]. The culture conditions also seemed rather
extreme in that they employed very high numbers of CD4
TcR transgenic cells per culture well. In our studies, we
employ an ELISPOT assay [40] that allows us to readily
and validly enumerate antigen-specific cytokine-producing
cells generated from the activation of a few CD4 T cells.
We partially repeated the type of experiment reported in
this study [39]. We found that, under the conditions
employed, about 0.1 antigen-specific, cytokine-producing
T cells were produced from each CD4 TcR transgenic T
cell plated, whereas CD4 TcR transgenic T cells cultured
at lower densities produced a yield of cytokine-producing
cells per CD4 cell plated about 100-fold higher [41]. The
validity of the conclusions drawn from the original study
[39] seems questionable, as the 7z witro conditions
employed seem not to have even allowed the clonal
expansion of the T cells. We have explored how the Thl/
Th2 phenotype of the response is determined when CD4
TcR transgenic cells are cultured under much less dense
conditions [42].

The immune response generated in this iz vitro system
shares two features with 77 vivo immune responses. The
Th1/Th2 phenotype depends upon the number of CD4 T
cells present per culture well, all other variables being held
constant, with lower and higher numbers supporting,
respectively, the generation of Thl and Th2 cells.
Secondly, keeping the number of CD4 T cells constant,
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lower doses of peptide support the generation of Thl cells
and higher doses support the generation of Th2 cells.
Given these commonalities, we think the iz virro system
can be used with circumspection to examine the cellular/
molecular mechanisms controlling the Th1/Th2 phenotype
of the activated CD4 T cells.

Our observations lead us to suggest that B cells mediate
the cooperation between CD4 T cells that is critical in
determining the Th1/Th2 phenotype of the activated CD4
T cells. The degree of CD4 T cell cooperation is ‘sensed’ via
the CD28/B7 system, and not via other candidate costi-
mulator receptor/costimulator systems, such as CD40L/
CD40, ICOSL/ICOS and OX40/OX40L [42]. The central
role we envisage for CD28/B7 interactions is consistent
with features already described of CD28 KO mice. These
mice have a deficiency of antibody, most of which belongs
to the IgG,, subclass, associated with predominant Thl
responses [34].

The presence of IL-4 is required to generate Th2 cells in
our system, as in other systems; we show that this IL-4 is
produced by the CD4 T cells themselves [42].

The PAMP and the cytokine milieu hypotheses for
how the Th1/Th2 phenotype of activated CD4 T
cells is determined

Infection of macrophages by Listeria monocytogenes results in
the production and secretion of IL-12 by the macrophages.
This presence of IL-12 biases the 7z vitro activation of by-
stander CD4 T cells towards the production of Thl cells
[43]. This production of IL-12 by DC is envisaged to be a
direct consequence of infection of the DC [43], or to
involve the action of other cells, T cells or innate cells,
acting on the DC [44, 45]. The 7n vitro presence of IL-4 can
somewhat similarly bias 7z vitro responses towards the Th2
mode [46]. Observations support the idea that IL-4 has a
very important iz vivo role in supporting Th2 responses.
The administration of neutralizing anti-IL-4 antibody to
mice, infected with Leishmania major, can result in a
modulation of the response from a Th2 to Th1l mode [47].
These kinds of observation have led to substantial explo-
rations of the source of IL-4 required for the generation of
Th2 responses [48, 49]. Observations such as these, in
addition to those described above involving L. monocytog-
enes, have led to the idea that the cytokine milieu, in which
CD4 T cells are activated, determines their Th1/Th2
phenotype [50]. We refer to this possibility as the
‘Cytokine Milieu Hypothesis’.

It is natural, for those who believe that PAMPs/Danger
are critical for the activation of CD4 T cells, to consider the
potential role of PAMPs/Danger in determining the Th1/
Th2 phenotype of the effector CD4 T cells generated. The
studies outlined above, showing L. monocytogenes can stim-
ulate the production of IL-12 and thereby promote Thl
responses, surely involve some PAMPs of L. monocytogenes
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interacting with host pattern recognition receptors (PRR),
that in turn leads to the production of IL-12. We refer to
the idea that the PAMPs, associated with an infection,
determine the Th1/Th2 phenotype of the effector CD4 T
cells generated, as the PAMP hypothesis. The study,
employing L. monocytogenes and outlined above, illustrates
that the PAMP Hypothesis and Cytokine Milieu Hypoth-
esis are not necessarily incompatible [50].

I personally believe that both the PAMP Hypothesis
and the Cytokine Milieu Hypothesis are wrong and
present an impediment to progress. I want first to take
action to try to minimize misunderstandings before I
enter this controversial area. I of course do not deny that
PAMPs are important in affecting the course and nature of
immune responses, or that cytokines have significant roles.
Neither do I deny that under some rather unusual
circumstances, the cytokine milieu or the presence of
PAMPs can be critical. My point of view is that I do not
believe that they are usually the critical factor as sometimes
postulated [50]. The belief that they are leads to a
neglect of other factors that might be or are important.
This neglect could constitute a barrier to constructive
exploration.

I summarize below the reasons for my view. A
hypothetical mechanism, of how the Th1/Th2 decision
criterion operates, should naturally explain the variables of
immunization known to affect the class of immunity
induced. My concerns are:

(1) The immune response against most antigens evolves
with time from a cell-mediated, Thl to a humoral,
mixed Th1/Th2 mode. This pattern is seen with
pathogens, for example, with HIV [1]. As the PAMPs
most likely do not change with time after initial
infection, the virtually invariable change in Th1/Th2
phenotype of the immune response cannot be reconciled
with the idea that the PAMPs, or the intrinsic cytokine
milieu, determine the Th1/Th2 phenotype of the
response. Moreover, this pattern of how the immune
response evolves is also true of foreign, vertebrate
antigens, that presumably do not contain PAMPs. The
Threshold Hypothesis accounts in a plausible way for
this evolution of the Thl1/Th2 phenotype of the
immune response, and it is natural to suppose the
explanation similarly holds for all foreign antigens,
independently of whether or not they contain PAMPs.
(2) A somewhat similar difficulty appears to exist in
trying to understand why the dose of antigen, or the
number of non-rapidly replicating organisms employed
for infection, similarly determines the Th1/Th2 nature
of the immune response. Again, the finding that lower
doses or lower numbers induce Thl responses and
higher doses or higher numbers induce Th2 responses
seems true of foreign, vertebrate antigens [19, 21], that
are not expected to contain any PAMPs, and of
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pathogens, including leishmania parasites [22] and
mycobacteria [23, 24], that contain a multitude of
PAMPS.

(3) The idea that pathogens, by virtue of their PAMPS,
determine the Thl/Th2 phenotype of the immune
response, would, if correct, allow the pathogen to control
this phenotype. It would seem in this case that
pathogens able to cause chronic infections, by virtue of
giving rise to ineffective immune responses, would have
an epidemiological advantage over those variants that
are well contained. This seems to be a very disadvan-
tageous situation for the host.

(4) The most difficult observations to reconcile with
these hypotheses are the observations that constitute the
most incisive prediction of the Threshold Hypothesis:
the diminishment in the number of CD4 T cells, all
other variables being held constant, modulates the
primary immune response generated from a predomi-
nant Th2 to a predominant Thl mode. Neither the
PAMPs, nor the cytokine milieu, are different in these
different situations, yet the Th1/Th2 phenotype of the
immune response generated is different. Moreover, such
modulations occur with foreign, vertebrate, non-PAMP
containing antigens, as well as for live L. major, as seen
in the mouse model [51].

Coherence

A concept central to strategies aimed at controlling the
Th1/Th2 phenotype of the immune response, based upon
the Threshold Hypothesis, is ‘coherence’. It is helpful to
first illustrate this idea in a well-known context.

The preponderance of different classes of antibody
against different epitopes of an antigen, following the
induction of an antibody response against the antigen, is
usually the same or similar, and in this sense, the class of
antibody produced to the different epitopes of an antigen is
coberent. Fortunately, we can easily understand how this
coherence arises. Antigen is endocytosed and presented by
different B cells specific for different epitopes of the
antigen. The isotype of the antibody, generated by the
progeny of all these B cells, is similarly dependent upon
the cytokine profile of the CD4 T cells specific for the
nominal antigen and involved in the activation of these B
cells. Hence, there is coherence in the class of antibody
produced against the different epitopes.

Consider what we expect on the Threshold Hypothesis
when CD4 T cells, specific for a nominal protein antigen
Q, are activated. The strength of CD4 T cell cooperation,
for a given Q-specific CD4 T cell, will depend upon the
antigen dose and the number of other Q-specific CD4 T
cells present. The very same factors will determine the
strength of CD4 T cell collaboration for every other CD4
T cell specific for the nominal antigen Q. In other words,
the determination of the Th1/Th2 phenotype of the
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effector CD4 T cells, arising from the activation of all
these CD4 T cells, is made on the basis of a collective
process, rather than processes at the level of individual
CD4 T cells. Therefore, when Q induces an immune
response, it is to be expected that there will be consid-
erable coberence in the Th1/Th2 phenotype of the Q-specific
effector T cells generated.

The following more extensive considerations are made
in response to questions by some reviewers. They are
important but more involved considerations than I
outlined in the original submission.

Consider now a more complex and realistic situation.
The different antigens of a mycobacterium will be present
in different amounts, and the number of CD4 T cells
specific for these different components will be different. In
this case, the same ‘rules’, embedded in the Threshold
Hypothesis, applied separately to the CD4 T cells specific
for these different antigens, would, if indeed these
antigens were not associated with one another, likely
result in the generation of effector CD4 T cells with
different Th1/Th2 phenotypes. However, this is not what
happens according to the Threshold Hypothesis. Consider
two mycobacterial proteins, one of which is predominant,
P, and one of which is relatively scarce, Q. We assume
that P and Q are sometimes associated with one another,
as they are parts of the same complex antigen. The P-Q
conjugate and P can be taken up by P-specific B cells.
Those B cells that take up the conjugate will present both
p and q peptides derived from P and Q, whereas B cells
that only take up P will present just p peptides. Thus, the
activation of a CD4 T cell specific for q will be affected by
the presence of the CD4 T cells specific for both p and q
peptides, when it interacts with a B cell that has taken up
the conjugate P-Q. Thus, the decision as to the Th1/Th2
phenotype of the p- and g-specific CD4 T cells is still a
collective, but not a uniform, decision. In this case, the
application of the precise rules embedded in the Threshold
Hypothesis to the activation of CD4 T cells specific for
different nominal components of the mycobacteria, will
likely result in some heterogeneity of the Th1l/Th2
phenotype of the effector CD4 T cells initially generated.
However, our knowledge of the nature of the cytokines
produced by different CD4 T cell subsets leads me to
suggest that their production ‘sharpens’ up the coherent
nature of the immune response. The cytokines produced
by a given CD4 T cell subset tend to be ‘self-promoting’
in different ways of this subset: some cytokines promote
the generation of cells belonging to the subset producing
them, and others inhibit the generation of cells belonging
to opposing CD4 T cell subsets. Our observations suggest
that IL-4, produced by Th2 cells, is one example of a self-
promoting cytokine [42]. Thus if 80% of the CD4 T cells
initially generated produce IL4 and 20% produce IFN-vy,
and these CD4 T cells interact via APC presenting the
antigen for which they are specific, I suggest that in time
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they will give rise to a population of CD4 T cells that
more predominantly produces IL-4. The cytokines pro-
duced by the majority of the CD4 T cells would self-
promote the survival/further generation of their own kind
of CD4 T cell.

This type of coherence makes physiological sense. As
there are distinct classes of immunity, and these classes are
differentially regulated, often with considerable physiolog-
ical and pathological consequences, it would make little
sense if the CD4 T cells specific for the same invader, under
given circumstances, are not coherently regulated. The fact
of coherence, and the fact that the Th1/Th2 phenotype is
determined by ‘collective’ processes, means the Th1/Th2
phenotype of most of the CD4 T cells involved in a
response to a given antigen can be easily modulated by
changing the antigen dose and/or the number of CD4
T cells.

Finally, a reviewer posed a very good question I would
like to respond to: how can what is known about the Th1/
Th2 phenotype of responses to allo-MHC fit in with the
Threshold Hypothesis? The reviewer pointed out that the
frequency of allo-MHC specific CD4 T cells is orders of
magnitude greater than for other antigens, and so one
would expect, on the Threshold Hypothesis, that allo-
MHC antigens would very readily generate Th2 rather than
Th1 responses.

Evidence seems to demonstrate a critical role of CD8
T cells in ensuring a Thl response [52, C. Havele,
personal communication]. This fits in with the idea that
there is a major role for CD8 T cells in cell-mediated,
immune deviation, as discussed earlier, see Fig. 1. In
addition, in the absence of CDS8 T cells, CD4 T cells
stimulated by allo-MHC antigen respond in a manner
that seems consistent with the Threshold Hypothesis:
activation with fewer stimulators favours the more
prolonged generation of Thl cells, but cultures tend to
evolve with time towards a Th2 mode. Higher densities
of CD4 T cells result in a more rapid transition [C
Havele, pers comm.]. It is interesting to note that CD8
T cells, in this role, can also act to achieve coherence for
predominant Thl populations, as they inhibit the
generation of Th2 but not Thl cells.

Independence

Clinical observations demonstrate that the Th1/Th2 phe-
notype of the immune response against a pathogen is often
critical to whether the pathogen is contained. Given this
importance, I thought it likely that the determination of
the Th1/Th2 phenotype of the immune responses to two,
simultaneous infections, caused by non-cross-reacting
pathogens that normally generate different types of
response, should be independently determined. For example,
it would be highly detrimental if, when a nematode
infection generates a Th2 response, as usually occurs, this
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ongoing response readily deviated the primary response
upon infection by M. tuberculosis from a Thl to Th2 mode.
This would result in miliary tuberculosis, lethal unless
treated sufficiently early with antibiotics.

We tested this Principle of Independence’. We found
conditions where giving one antigen, administered intra-
venously, generated a Thl splenic response, and other
conditions under which another, non-cross-reacting anti-
gen, also given intravenously, generated a Th2 splenic
response. We found that mice injected intravenously with
both antigens from the same syringe generated splenic
responses indistinguishable from those generated in singly
immunized mice. These and other observations support
the validity of the principle of independence [53]. How
can such independence be achieved? It would seem
essential that CD4 T cells specific for one antigen do not
participate in the decision-making process controlling the
Th1/Th2 phenotype of a simultaneous immune response to
another, non-cross-reacting antigen. Such specificity in the
CD4 T cell interactions would occur if the Th1/Th2
decision-making process obligatorily involves an antigen-
specific B cell mediating the critical CD4 T cell cooper-
ation. Such CD4 T cell cooperation may well occur during
step two of the envisaged two-step process of CD4 T cell
activation.

Additional comments on the regulation of other
CD4 T cell subsets

The ideas outlined above have been deliberately discussed
in a simplified context. In particular, we have not taken
into full account the existence of distinct classes/subclasses
of antibody. I first try to clarify aspects related to the
function of Thl and Th2 cells.

It is often implied in the literature that the exclusive
production in mice of IgG,, antibody, and in man of IgG,
antibody, reflects an exclusive Th1 response. This is untrue
in mice, as very strong DTH, Thl responses can be
generated without the production of detectable antibody
[23]. The predominant production of IgG,, antibody
correlates with a predominant Thl response, with a
measurable Th2 component [6]. It also seems likely that
in man, an exclusive Th1, DTH response can occur without
significant antibody production, as otherwise the exclusive
nature of cell-mediated/DTH and antibody responses could
not have been so clearly delineated following various
infections, such as that caused by Mycobacterium leprae [2]. It
seems likely that predominant Th2 responses correlate in
both mice and man with predominant IgG; antibody
production, though of course IgE antibody is also
produced.

Some of the ideas discussed above, concerning the
determination of Th1/Th2 phenotype, might be helpful in
understanding how the generation of other CD4 T cell
subsets is regulated. I believe my brief remarks here are
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much more speculative than what I have outlined above
concerning how the Th1/Th2 phenotype of an immune
response is determined.

(1) It seems that Thl responses can evolve into a mode
with a substantial Th2 component, but evolution of the
Th1/Th2 phenotype of the response, in the opposite
direction, rarely occurs under natural conditions. Evo-
lution of Th phenotype might also be important in
understanding the regulation of the allergic response.
Those living in a geographical area where allergies to a
particular ‘allergen’ are prevalent are either allergic,
with predominance of IgE and IgG; anti-allergen
antibodies, or non-allergic, with greater predominance
of IgA and IgGy specific antibody [54]. Desensitization,
when it can be realized, involves an evolution of the
response from a Th2 to ‘Th3’ mode, with these Th3
cells producing TGF-f and IL-10 [54]. These cytokines
are known to respectively facilitate the production of
IgA and IgGy antibody. It appears that when young
people grow out of being allergic to milk, there is a
shift from a Th2 to Th3-like mode [55].

(2) Neither IgA nor IgGy antibody molecules are
effective at activating effector mechanisms, such as
complement-mediated lysis or mast cell degranulation.
Moreover, a study shows that human IgG4 molecules
are divalent, when first produced, as are all other IgG
molecules. However, IgG4 molecules are labile in the
blood, split into half molecules, and recombine to
produce molecules that are monovalent for each of two
different antigens. This allows such IgG4 molecules, if
produced in sufficient amounts, to block the activity of,
for example, the IgE-dependent degranulation of mast
cells by antigen. Thus, IgA and IgG4 molecules not
only do not efficiently activate effector mechanisms, but
have the potential of blocking the activity of other
classes/subclasses of antibody [56]. However, it should
be noted that IgA can be protective; it protects against
gut infections of giardia, an intestinal parasite that
causes ‘beaver fever’ [57]. I feel it appropriate to refer to
an immune state in which Th3 cells predominate, with
associated predominant production of IgG4 and IgA
antibody, as a dominant state of anti-inflammatory
immunity. Given these characteristics, it is important
that such an anti-inflammatory immune state is not
generated acutely after an infection. It seems IgGy
production requires chronic stimulation [58]. Autoim-
mune responses tend to be chronic due to a constant
source of antigen. It may therefore happen that some
autoimmune responses are driven into a minimally
damaging, Th3-mode. This may in part explain why
deficiencies in natural and inducible T, cells, with
Th3-like activities, are associated with pathological
autoimmunity [59]. The ideas outlined here may also
bear on modern versions of the hygiene hypothesis [60].
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A less ‘dirty’ environment may reduce Th3 responses
and allow more prolonged Thl and Th2 responses,
leading to greater prevalence of Thl cell-mediated
autoimmunity, and Th2 cell-mediated allergies and
associated pathological states.

(3) A most interesting, longitudinal study, carried out
over several years, examined immunity in bee-keepers to
bee venom antigens. This study defines a chronic and
modulatable, immune state, caused by antigen exposure
via non-mucosal routes. Bee-keepers display Th2
immunity against bee venom antigens at the beginning
of the bee season. After a few bee stings, antigen-specific
IL-10-producing CD4 T cells become activated, leading
to the downregulation in these individuals of their Th2
cells. As expected, only IgGy, not IgA, bee venom-
specific antibody is present, as the responsible regula-
tory CD4 T cells only produce IL-10 [61].

Strategies of intervention

I very briefly explain, through illustration, why I consider
the basic mechanisms, outlined above, may be useful in the
rational design of strategies to both prevent and treat
various clinical situations.

The low-dose vaccination strategy against certain infectious
diseases

It is well recognized that some infections can only be
contained by a cell-mediated, Thl response, and that an
antibody, mixed Th1/Th2 response, results in disease [20].
The best-developed mouse model for these human diseases
is subcutaneous leishmaniasis, caused by L. major. BALB/c
mice are considered susceptible, as they rapidly generate,
on standard infection with 10° parasites, a predominant
Th2 response, associated with progressive disease. We
infected BALB/c mice with 10° parasites, resulting in a
stable Th1 response and, with time, in a Th1l imprint. Such
Th1-imprinted mice make a predominant Thl response on
infection with the standard challenge of 10° parasites, and
so resist the infection [6]. We thus established a state of
low-zone, cell-mediated, Th1 immune deviation, resulting
in resistance.

I argue that this strategy should result in effective
vaccination against the pathogens causing AIDS [6, 20, 62]
and causing tuberculosis [6, 20, 63]. Mycobacterium-
specific Th1 imprints can be readily generated in adult [23]
and in very young mice [24].

The low-dose vaccination strategy against cancer

There are grounds for suggesting the same strategy might
be effective against cancer [64, 65]. A pertinent and well-
accepted generalization is that cell-mediated, but not
humoral, responses are wsually effective in protecting
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against transplantable tumours in experimental animals
[64, 65].

Studies in the 1950s led to the recognition that animals,
given a lethal dose of a syngeneic tumour, often express
tumour-specific protective immunity against the tumour
some days after implantation [66]. This protective immu-
nity is referred to as ‘concomitant immunity’. Robert
North, in the 1980s, undertook an extensive analysis of the
generation and inhibition of ‘concomitant immunity’. He
showed, in a number of different and unrelated tumour
systems, that, when mice are given a lethal tumour
challenge, concomitant immunity is generated and is
apparent about a week or so after tumour implantation. A
slowing in tumour growth, or even a temporary decrease in
size, often occurs at this time. However, the expression of
concomitant immunity is transient. North demonstrated
that this was because CD4 T cells arise that suppress
concomitant immunity, and so the tumour grows progres-
sively [66]. North also made plausible, in the systems he
studied, that tumour-specific CD8 CTL were primarily
responsible for protection, and no role for antibody could
be demonstrated [66]. It seemed to me that the first
appearance of a protective, cell-mediated response, followed
by the appearance and eventual dominance of CD4 T cell
suppressor cells, parallels what Salvin had mapped as an
initial cell-mediated phase of the response, followed by a
humoral phase, see Fig. 2. Moreover, we anticipated that,
with the evolution of a humoral response, CD4 T cells
would arise that suppress the cell-mediated response. We
thus entertained the ‘Th2-Skewing Hypothesis of Tumor
Escape’. This hypothesis, moreover, explains why the
tumours grow progressively, as antibody was believed not
to be protective.

We tested critical predictions of this Th2-Skewing
Hypothesis in two tumour systems employed by North.
There is little doubt that the hypothesis applies in these
two tumour systems [67]. Establishing a Thl imprint, by
implanting low numbers of tumour cells, results in
resistance to a subsequent, normally lethal challenge.
There are some observations suggesting the Th2-Skewing
Hypothesis might apply in human cancer [64, 65], but
how general this might be is, to say the least, open to
investigation.

Treatment of infectious diseases caused by pathogens
susceptible to Th1 attack

We have seen that the dose of antigen, and number of CD4
T cells, co-determine the Th1/Th2 phenotype of a primary
immune response. We have made observations in humans,
and carried out experiments in mice, on whether ongoing,
mixed Th1/Th2 responses, associated with chronic or
progressive illness, can be modulated backwards to a Thl
mode, resulting in a resolution of clinical systems [7, 67].
Our observations, to be shortly outlined, lead us to suggest
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that reducing the number of CD4 T cells, and/or lowering
the antigen load, can achieve such a modulation. Thus, the
number of CD4 T cells and antigen load seem to similarly
control the Th1/Th2 phenotype of primary and ongoing
immune responses.

Briefly, visceral leishmaniasis, caused by Leishmania
donovani, is a rapidly fatal disease if untreated. Infected
individuals either have a stable, cell-mediated, DTH
response, in which case they are healthy, or they become
ill, at which time they express little DTH. Both healthy,
infected individuals, and patients, have parasite-specific
antibodies and so are said to be seropositive. Patients are
treated by being administered a course of a highly toxic
drug. The drug kills the parasites. Most patients survive
the 3-week treatment and, most interestingly, ‘never’
become ill again, even when living in the same endemic
area.

We indirectly assessed the Th1/Th2 phenotype of the
anti-parasite immune response by examining the relative
prevalence of the IgG; and IgG; isotypes among the anti-
parasite IgG antibodies. We inferred that healthy, infected
individuals had a predominant Thl response, as expected.
Patients, before treatment, had a mixed Th1/Th2 response,
also as expected and, after treatment, a predominant Thl
response, indistinguishable from healthy infected individ-
uals. These observations are interesting from three per-
spectives. They naturally explain why treated individuals
do not become ill again. They demonstrate that human
immune responses can be modulated ‘backwards’ from a
Th1/Th2 to Thl mode. The success of treatment requires
that the parasite be sensitive to the drug, i.e. killed by it.
This fact strongly suggests that the modulation of the
response from a Th1/Th2 to Thl mode is a result of a
decrease in antigen load [7].

We have seen that infection of ‘susceptible’, BALB/c
mice with 10> and with 10° L. major parasites results,
respectively, in a stable Thl response and rapidly in a
highly polarized Th2 response. Partial depletion of CD4 T
cells, or the administration of neutralizing anti-IL-4
antibody, close to the time of infection with 10° parasites,
modulates the response from a Th2 to Th1l mode, resulting
in resistance. Attempts to employ such manoeuvres in mice
with established infections, associated with highly polar-
ized Th2 responses, fail to modulate the response from a
Th2 to Th1 mode, and so such manoeuvres were considered
not to be potential models for treatment of established
infections. Most human disease, caused by pathogens whose
containment requires a predominant Thl response, is
associated with a mixed Th1/Th2 response, rather than a
highly polarized Th2 response. We decided to try and
establish, in the mouse model of cutaneous leishmaniasis, a
model of chronic disease associated with a relatively stable
and mixed Th1/Th2 response, and assess whether, in this
case, various treatments, aimed at modulating the immune
response, worked. We found that infection of susceptible
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BALB/c mice with 3 x 10° parasites led, in about
6 weeks, to very large, semi-stable lesions and a semi-
stable, mixed Th1/Th2 response. Partial depletion of CD4
T cells at this time, or the administration of neutralizing
anti-IL-4 antibody, resulted in a dramatic modulation of
the immune response towards a Thl phenotype, shrinkage
of the lesion, and a drop in parasite burden. Recovered
mice were highly resistant to a standard challenge with 10°
parasites [69]. We conclude that
responses can be modulated from a mixed Th1/Th2 to a

ongoing immune

Th1 phenotype by partial depletion of CD4 T cells.

Treatment of early stages of AIDS

I would like to illustrate why I think these generalizations
are of practical importance, by considering how a simple
treatment of early stages of AIDS might be realized.

Clinical observations lead me, and some others, to
suggest that a predominant Thl, CTL response, is
optimally protective against HIV. There are three, direct
types of observation supporting this proposition. There
are, firstly, seronegative, non-progressors, that have CTL
and predominant Thl responses [68]. Secondly, most
individuals are not very ill early after infection, and for a
time after they seroconvert, a span of time therefore
referred to as the honeymoon period. This is a time when
the infected individuals have a predominant Thl response
associated with vigorous CTL. Thirdly, there are also
seropositive individuals who appear to be non-progressors.
These individuals apparently have predominant production
of IgG, anti-HIV antibody, indicative of a predominant
Th1 response [1, 68]. All these findings lead me to believe
that an ability to modulate the response of early AIDS
patients, from a mixed Th1/Th2 to predominant Thl
phenotype, may constitute effective treatment, in a way
analogous to that just described for the treatment of
visceral leishmaniasis. Giving anti-retroviral drugs lowers
the viral load and should, I suggest, initially modulate the
immune response towards a Thl mode. How long this
takes could be assessed in each individual by longitudi-
nally assessing when their IgG, antibodies become
predominant over their IgG; antibodies among anti-HIV
IgG antibodies. It may well be that, once this state has
been achieved, further anti-retroviral treatment would
undermine the protective, Th1l, CTL response. In the case
of visceral leishmaniasis, drug treatment lasts only about
3 weeks. Because of the drug’s toxicity, the art of medicine
has led to as short a period of treatment as possible that is
effective. It would be very interesting to examine whether
standard anti-retroviral treatment causes a change in the
IgG isotype composition, among the IgG anti-HIV
antibodies, in the manner I suggest, and whether cessation
of anti-retroviral treatment, when IgG, antibody is
predominant, does not result in viral rebound, indicating
immune control of viral replication.

P. A. Bretscher

Acknowledgment

This work was supported by a grant from the Natural
Sciences and Engineering Research Council of Canada to
Peter Bretscher. I am grateful to the reviewers whose
considered comments helped me improve the manuscript.

References

1 Clerici C, Shearer GM. A TH1— TH2 switch is a critical step in the
etiology of AIDS. Immunol Today 1993;14:107—-11.

2 Turk JL, Bryceson ADM. Immunological phenomena in leprosy and
related diseases. Adv Immunol 1971;13:209—66.

3 Mosmann TR, Cherwinski H, Bond HW, Giedlin MA, Coffman RL.
Two types of murine helper T cell clones. I Definition according to
profiles of lymphokine activities and secreted proteins. J Immunol
1986;136:7348-57.

4 Mosmann TR, Coffman RL. TH1 and TH2 cells: different patterns of
lymphokine secretion lead to different functional propferties. Anrz Rev
Immunol 1989;7:145-73.

5 Heinzel FP, Sadick MD, Holaday BJ, Coffman RL, Locksley RM.
Reciprocal expression of interferon-gamma or IL-4 during resolution
or progression of murine lieshmaniasis. Evidence for expansion of
distinct helper T cell subsets. J Exp Med 1989;169:59-72.

6 Bretscher PA, Wei G, Menon JN, Bielefeldc-Ohmann H. Establish-
ment of stable cell-mediated immunity that makes “susceptible” mice
resistant to Leishmania major. Science 1992;257:539—42.

7 Hailu A, Menon JN, Berhe N, Gedamu L, Hassard TH, Bretscher PA.
Distinct immunity in visceral leishmaniasis patients from that in
subclinically infected and drug-cured people: implications for the
mechanism underlying drug cure. J Infect Dis 2001;184:112-5.

8 Ivanov I, Atarashi K, Manel N ¢ «/. Induction of Thl7 cells by
segmented, filamentous bacteria. Ce// 2010;139:485-98.

9 Sun S, Hall JA, Blank RB e «/. Small intestine lamina propria
dendritic cells promote de novo generation of Foxp3 T reg cells by
retinoic acid. J Exp Med 2007;204:1775-85.

10 Asherson GL, Stone SH. Selective and specific inhibition of 24 hr skin
reactions in the guinea pig I. Immune Deviation: description of the
phenomenon and the effect of splenectomy. Immunol 1965;9:205—17.

11 Parish CR. The relationship between humoral and cell-mediated
immunity. Trans Rev 1972;13:35-66.

12 Bretscher PA. Hypothesis: on the control between cell-mediated IgM
and IgG immunity. Ce/l Immunol 1974;13:171-95.

13 Ramshaw IA, Bretscher PA, Parish CR. Regulation of the immune
response. I Suppression of delayed-type hypersensitivity by T cells
from mice expressing humoral immunity. Exr J Immunol 1976;6:674—
9.

14 Ramshaw IA, Bretscher PA, Mckenzie IFC, Parish CR. Discrimina-
tion of suppressor T cells of humoral and cell-mediated immunity by
anti-Ly and anti-Ta sera. Ce// Immunol 1977;31:364-9.

15 Ramshaw IA, Bretscher PA, Parish CR. Regulation of the immune
response. II Repressor T cells in cyclophosphamide-induced tolerant
mice. Eur J Immunol 1977;7:180-5.

16 Moller G. Do suppressor T cells exist? Scand J Immunol 1988;27:247—
50.

17 Green DR, Webb DR. Saying the ‘S’ word in public. Immunol Today
1993;14:523-5.

18 Tuttosi S, Bretscher PA. Antigen-specific CD8 T cells switch the
immune response induced by antigen from an IgG to a cell-mediated
mode. J Immunol 1992;148:397—403.

19 Salvin SB. Occurrence of DTH during the development of Arthus
type sensitivity. J Exp Med 1958;107:109-24.

20 Bretscher PA, Ismail N, Menon JN, Power CA, Uzonna J, Wei G.
Vaccination against and treatment of tuberculosis, the leishmaniases

Scandinavian Journal of Immunology, 2014, 79, 361-376



P. A. Bretscher

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

and AIDS: perspective from basic immunology and immunity to
chronic intracellular infections. Cell Mol Life Sci 2001;58:1879-96.
Lagrange PH, Mackaness GB, Miller TE. Influence of dose and route
of antigen injection on the immunological induction of T cells. J Exp
Med 1974;139:528-42.

Menon JN, Bretscher PA. Parasite dose determines the Th1l/Th2
nature of the immune response to Leishmania major independently of
infection route and strain of host or parasite. Eur J Immunol
1998;28:4020-8.

Power CA, Wei G, Bretscher PA. Mycobacterial dose defines the Th1/
Th2 nature of the immune response independently of whether
immunizationis by the intravenous, subcuateneous or intradermal
route. Inf Immun 1988;66:5743—70.

Kiros T, Power C, Wei G, Bretscher PA. Immunization of newborn
and adult mice with low numbers of BCG leads to Thl responses,
Thl imprints and enhanced protection upon BCG challenge.
Immunotherapy 2010;2:25-35.

Buddle F, de Lisle GW, Pfeffer A, Aldwell FE. Immunological
responses and protection against Mycobacterium bovis in calves
vaccinated with a low dose of BCG. Vaccine 1995;13:1123-30.
Mitchison NA. Immunological paralysis as a dosage phenomenon. In:
Cinader B, ed. Regulation of the Antibody Response, Springfield, Ill: CC
Thomas, 1967:54-67.

Pearson MN, Raffel S. Macrophage-digested antigen as inducer of
delayed hypersensitivity. J Exp Med 1971;133:494-505.

Bretscher PA. The activation and inactivatio of mature CD4 T cells: a
case for peripheral self-nonself discrimination. Scand J Immunol, in
press.

Humphrey JH, Dourmashkin RR. The lesions in cell membranes
caused by complement. Adv Immunol 1969;11:75-117.

Klein G. Tumor-specific transplantation antigens: G.H.A Clowes
Memorial Lecture. Can Res 1968;28:625-35.

Lesley J, Hyman R, Dennert G. The effect of antigen density on
complement-mediated lysis. T cell-mediated killing and antigenic
modulation. J Nat Can Inst 1974;53:1759-65.

Wiedermann G, Denk M, Stemberger H, Eckerstorfer E, Tappenhei-
mer G. Influence of the antigenicity of target cells on the antibody-
mediated cytotoxicity of non-sensitiused lymphocytes. Cell Imunol
1975;17:440-6.

Wicker LS, Miller BJ, Muller Y. Transfer of autoimmune diabetes
mellitus with splenocytes from nonobese diabetic (NOD) mice.
Diabetes 1986;35:855-60.

Shahinian A, Pfeffer K, Lee KP ¢z «/. Differential T cell costimulatory
requirements in CD28-deficient mice. Science, 1993;261:609—-12.
Lenschow L, Herold KC, Rhee L ¢ /. CD28/B7 regulation of Thl
and Th2 subsets in the development of autoimmune diabetes.
Immunity 1996;5:285-93.

Ismail N, Bretscher PA. More antigen-dependent CD+ Tcell/CD4+ T
cell interactions are required for the primary generation of Th2 than
of Thl cells. Eur J Immunol 2001;31:1765=71.

Ismail N, Basten A, Briscoe H, Bretscher PA. Increasing the
foreignness of an antigen, by coupling a second and foreign antigen to
it, increases the Th2 component of the immune response to the first
antigen. Immunol 2004;115:34—41.

Bretscher PA. In vitro analysis of the cellular interactions between
unprimed lymphocytes responsible for determining the class of
response an antigen induces: specific T cells switch a cell-mediated
response to a humoral response. J Immunol 1983;131:1103—7.
Constant S, Pfeiffer C, Woodward A, Pasqualini T, Bottomly K.
Extent of T cell receptor ligation can determine the functional
differentiation of naive CD4 T cells. J Exp Med 1995;182:1591-6.
Power CA, Grand GL, Ismail N, Peters NC, Yurkowski DP,
Bretscher PA. A valid ELISPOT assay for enumration o0f ex-vivo,
IENY-producing J Immunmol  Methods

antigen-specific, cells.

1999;227:99-107.

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Determination of Th1/Th2 Phenotype of a Response 375

Rudulier CD, Kroeger DR, Bretscher PA. The activation, by antigen, of
naive TCR transgenic CD4 T cells cultured at physiological, rather than
artificially high, frequencies accurately reflects in-vivo activation of
normal numbers of naive CD4 T cells. Ce/l Immunol 2012;274:115-20.
Rudulier CR, McKinstry K, Al-Yassin G, Kroeger DR, Bretscher PA.
The number of responding CD4 T cells and the dose of antigen
conjointly determine the Th1/Th2 phenotype via CD28/B7 interac-
tions. J Immunol 2014; in press.

Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, O’'Garra A, Murphy
KM. Development of TH1 CD4 T cells though IL-12 produced by
Listeria-induced macrophages. Science 1993;260:547-9.

Corthay A. A three-cell model for activation of naive T helper cells.
Scand ] Immunol 2006;6:93—6.

Abdi K, Singh N, Matzinger P. T-cell control of IL-12p75
production. Scand J Immunol 2006;64:83-92.

Swain SL, Weinberg AD, English M, Huston GH. IL-4 directs the
development of Th2-like effectors. ]
1990;145:3796-806.

Sadick MD, Heinzel FP, Holaday BJ, Pu RT, Dawkins RS, Lockseley
RM. Cure of murine leishmanisis with anti-IL4 monoclonal antibody.
J Exp Med 1999;171:115-27.

Miyamoto M, Miyake S, Yamamura T. A synthetic glycolipid

helper of  Immunol

prevents autoimmune encephalomyelitis by inducing TH2 bias of
natural killer T cells. Nature 2001;413:531-4.

Sokol CL, Chu N, Yu S, Nish SA, Laufer TM, Medzhitov R. Basophils
function as antigen-presenting cells for an allergen-induced T helper
type 2 response. Naz Immunol 2009;10:713-20.

Fearon DT, Locksley RM. The instructive role if innate immunity in
the acquired immune response. Science 1996;272:50—4.

Titus RG, Ceredig R, Cerottini JC, Louis JA. Therapeutic effect of
anti-L3T4 monoclonal antibody GK1.5 on cutaneous leishmanisis
in genetically susceptible BALB/c mice. J Immunol 1985;135:2108—
14.

Rus V, Svetic A, Nguyen P, Gause WC, Via CS. Kinetics of Thl and
Th2 cytokine production during the early course of acute and chronic
murine graft versus host disease. Regulatory role of donor CD8 + T
cells. J Immunol, 1995;155:2396—406.

Ismail N, Bretscher PA. The Th1/Th2 nature of concurrent immune
responses to unrelated antigens can be independent. J Immunol
1999;163:4842-50.

Jutel M, Akdis M, Budak F ¢ «/. IL-10 and TGF-b cooperate in
the regulatory T cell response to mucosal allergens in normal
immunity  and Eur ] Immunol
2003;33:1205-14.

Karlsson MR, Rugtveit J, Brandtzaeg T. Allergen-responsive CD4 +

specific  immunotherapy.

CD25 regulatory T cells in children who have out-grown cow’s milk
allergy. J Exp Med 2004;199:1679-88.

van den Nent Kolfscholten M, Schuurman J, Losen M et 2/. Anti-
inflammatory activity of human IgGy antibody by dynamic Fab arm
exchange. Science 2007;317:1554—7.

Langford TD, Housely MP, Boes M e al. Central importance of
immunoglobulin. A in host defense against Giardia spp. J Immunol
2002;70:11-8.

Aalberse RC, van der Gaar R, van Leeuwen J. Serologic aspects of
IgG, antibodies. I Prolonged immunization results in an IgGy-
restricted response. J Immunol 1983;130:722-6.

Sakaguichi S, Takahashi T, Nishizuka Y. Study on cellular events in
post-thymectomy autoimmune oophoritis in mice. I Requirement for
Lyt-1 effectoer cells for oocytes damage after adoptive transfer. J Exp
Med 1982;156:1565-86.

Strachan DP. Hay fever, hygiene, and household size.
1989;299:1259-60.

Meiler J, Zumkehr J, Klunker S, Ruckert B, Akdis CA, Akdis M. In
vivo switch to IL-10-producing T regulatory cells in high dose
allergen exposure. J Exp Med 2008;205:2887-98.

BMJ

© 2014 The Author. Scandinavian Journal of Immunology published by John Wiley & Sons Ltd.



376 Determination of Th1/Th2 Phenotype of a Response

62

63

64

65

Salk J, Bretscher PA, Salk PL, Clerici M, Shearer GM. A strategy for
prophylatic vaccination against HIV. Science 1993;260:1269-72.
Bretscher PA, Menon JN, Power C, Uzonna JE, Wei G. A case for
neonatal, low dose BCG vaccination. Scand J Infect Dis 2001;33:253—7.
Hamilton D, Bretscher PA. The commonality in the regulation
of the immune response to most tumors: the prevalence of
immune class deviation as a tumor escape mechanism and its
significance for vaccination and
2008;6:745-54.

Hamilton DH, Ismail N, Kroeger DR, Rudulier CD, Bretscher PA.
Macroimmunology and immunotherapy of cancer. Immunotherapy
2009;1:367-83.

immunotherapy. Cancer Ther

66

67

68

69

P. A. Bretscher

North R]J. Down regulation of the antitumor response. Adv Cancer Res
1985;45:1-78.

Hamilton DH, Bretscher PA. Different immune correlates associated
with tumor progression and regression: implications for prevention and
treatment of cancer. Cancer Immunol Immunother 2008;57:1125-36.
Uzonna JE, Bretscher PA. Anti-IL4 antibody therapy causes regress-
ionof chronic lesions caused by medium-dose Leishmania major
infection. Eur ] Immunol 2001;31:3175-84.

Ngo-Giang-Huong N, Candotti D, Goubar A er /. HIV type 1-
specific IgG, antibodies: markers of helper T cell type 1 response and
prognostic marker of long-term nonprogression. AIDS Res Hum
Retroviruses 2001;17:1435-46.

Scandinavian Journal of Immunology, 2014, 79, 361-376



