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Abstract

The plasticity and dynamism in the immune responses to both self and envi-
ronmental stimulation promote the maintenance and adaptation of a system
that tends to harmoniously survive and evolve. Fluctuating antigenic forces
coexist within the immune system and oscillate between order and chaos to
the equilibrium. Thus, when mounting a response to internal or environmen-
tal antigens, the main host responses can be divided into two immunological
categories. The first, a well-adapted mechanism of complex multi-cellular or-
ganisms classically known as tolerance, promotes persistent immunological
responses. In the second, opposite way, the modulation of inflammatory im-
mune responses occurs, which we call “intolerance”. Tolerance and intoler-
ance can be mediated by humoral molecules, such as inflammatory com-
pounds, complement, and antibodies, and by different cell types, such as sen-
tinel cells, antigen-presenting cells, and cells that orchestrate the immune re-
sponse. Tolerogenesis is important in vertebrates because it predisposes spe-
cies to adapt to self and environmental negative-selective forces. This process
depends, in large part, on antigenic co-stimulation (AgCS), which operates as
a multi-integrated network formed by all immune and non-immune cells of
the body that establishes tolerant immunoregulatory interactions from cells to
cells and from cells to the environment. Antigenic distribution, quantity, na-
ture, route of administration, and antigenic convergence on co-stimulatory
pathways, and concurrent infections, and the presence of microorganisms
(commensals and pathogens) in more than one site are important factors for
activating AgCS. To conclude, the AgCS route is a natural immune response
generated by heterogeneous APC profile with centralized regulation that
promote the counterbalance between intolerant e tolerant status, which can
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have several applications in the medical and biological fields.
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1. The Immunological Tolerance and Intolerance

Tolerance has been present in living organisms since the emergence of life on an
inhospitable planet. Immunological tolerance likely originated due to the need
for cellular harmonization in multicellular systems, particularly ones that have
complex organization with distinct functions. Inside complex organisms, toler-
ance between different cells is required for biological and physical-chemical in-
teractions and, consequently, for homeostasis. First, the evolutionary success of
tolerant multicellular organisms depends a priori on the natural level of
self-recognition. Second, the environment also contributes to the constant adap-
tability of multicellular systems and provides context for the integration of an
organism with its habitat. In these two ways, the distinction between self and
non-self can lead to a compatible or incompatible state. Although this dualistic
categorization of routes, it is necessary to understand that immunologic reac-
tions are not restricted purely to a simple pathway dichotomy.

Tolerogenesis permits good functionality of the immune system, the survival
of vertebrate organisms due to intercellular harmony and the suitable regulation
of responses to the environment. In multicellular organisms, tolerance increases
the chance of survival despite an adaptive cost in fitness. This evolutionary
process is highly sophisticated in more complex beings capable of integrating
their immune response to eliminate or reduce specific conflicts resulting from
unsuccessful interactions with the environment and self-recognition. An exam-
ple of this sophistication is the presence of immune-privileged organs that are
directly involved with organism fitness, such as the reproductive and control
organs. These organs have specific protection from the hazards generated by in-
flammation [1].

A harmonious relationship between different cells and/or systems can occur
through mechanisms that inhibit tissue rejection, which leads to cellular coexis-
tence and naturally increases the chances of survival mainly by tolerogenesis.
Tolerance is a mechanism for alleviating internal immunological disorders (nat-
ural tolerance) and environmental noise (induced tolerance, also called “infec-
tious tolerance”). Although this poses some risks for complex organisms, toler-
ance allows them to carve out a successful future response in an adaptive
planned-way. Tolerance creates an obligatory pause in the vigilant immune re-
sponse to determine the best course of action. The stress and energy expendi-
tures are much smaller when the reactions of the immune system are resolved in
a calm and, ordered manner, although this can impair fitness. This patient force
that governs the relationships between the body and both internal and external
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stimuli can lead to evolutionary success, thereby leading to increases in orga-
nismal fitness and longevity. Therefore, tolerance is synonymous with longer li-
fespan and superior in the face of conflicts from both internal and external inte-
ractions.

A major problem can occur when interactions between the different cells
and/or systems become disharmonious. For example, when the body encounters
negative selection forces in the environment such as pathogens, the tolerance
armory can aid survival in the host. Occasionally, this process may be dangerous
and lethal. Increasing tolerance to pathogens increases their persistence in the
host, which creates a favorable environment for their specialization in a hostile
locale and may lead to an increase in harmful activity against the host, including
an increase in the parasite load. To multiple stimuli that could generate signifi-
cant tissue damage, the body prefers to respond to the antigen source or infec-
tion in a cautious fashion. However, this immune pattern could difficult the pa-
thogen elimination. Several parasites are able to reside inside infected hosts for
extended periods of time, partly due to their arsenal of strategies, which includes
virulence factors such as morphological changes and/or the production of eva-
sins, toxins, and enzymes. Although morphological change is not typically a
recognized virulence factor, many protozoa and fungi would not be able to in-
vade, survive, and evade host defenses without it.

Genetic characteristics are not the only factors important in resistance and to-
lerance. Animals receive environmental stimuli throughout their lives. Adapta-
tions to these stimuli that are related to increased fitness may be passed on to
descendants [2] [3]. Species that are geographically isolated tend to better adapt
to the adverse factors in their environment, including pathogens, which allows
an increase in their tolerance. Thus, tolerance may naturally be inherited by cel-
lular programming for the self-preservation of the multicellularity state in the
peri-conception period [4] and by the congenital route [3], in which the central
and peripheral lymphoid organs receive tolerant maternal stimulation during
fetal development, which prevents the offspring systems from undergoing both
pre- and post-natal collapse. The constant maternal contact with fetal antigens
can also produce a tolerant or intolerant immunological memory response [5]
(6] [7].

Central tolerance comprises both primary immune sites and immune-privileged
tissues, which are often involved in the processes of clonal deletion, anergy,
MHC restriction, receptor editing, and other immune tolerogenic processes [8].
In contrast, peripheral tolerance is an adaptive response mediated primarily by
immunosuppressive cells (through cell-to-cell contact and production of an-
ti-inflammatory molecules). Within the ordered and random processes that go-
vern selective pressures, tolerance tends to increase harmonious cell-to-cell in-
teractions and the relationship between the body’s cells and environmental anti-
gens. Depending on the extra and intracellular activation signals, T and B lym-
phocytes can function either as immune system inflammatory mediators (active,

helper) or suppressors (tolerant, regulatory) cells, both as effectors or memory
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cells (Figure 1). A close relationship exists between the T lymphocyte pheno-
types that are involved in the phenomenon of cellular plasticity, which allows the
cell to change its immunological profile according to local stimuli [9] [10] [11]
[12] [13]. Thus, tolerance can be broken by an inflammatory response [9]. In last
decades, tolerance and its broken have been studied in the context of non-self
antigens, particularly in responses to pathogens [14] [15] [16] [17].

Autoreactive T cells, which are named for their role in autoimmunity, may
have the same functional activity as activated T cells by environmental sensitiza-
tion, such as infections, with differences only in the origin or nature of the sti-
mulus and targets. Thus, without completely abandoning these prior designa-
tions, a novel and more comprehensive terminology can be used to define lym-
phocytes according to their response profiles, with such cells designated as either
tolerant or intolerant, regardless of the physiological or pathological conditions.

Similar to tolerance, intolerance can be maintained or broken in either a
spontaneous (natural) or induced pathway. Intolerance can be mediated by hu-
moral immune components such as inflammatory molecules, complement, an-
tibodies, and cells, including natural killer (NK) cells, B1 B cells, neutrophils,
CD4" T cells, CD8" cytotoxic T cells, macrophages, and dendritic cells (DCs).
Interestingly, many of these cells are also involved in tolerance, and the micro-
environment and activation of the lymphoid organs are crucial factors in shap-
ing the immune phenotype of these cells. An intolerant response is necessary for
environmental challenges and proceeds to promote tolerance. Reactions of im-
mune intolerance normally are associated with active inflammatory responses
such as allergies, infections, tissue rejections and autoimmune diseases.

Intolerant responses are generally more acute and inflammatory and are de-
signed to quickly eliminate something that is undesirable, such as a foreign
body. In contrast, tolerant immune responses are generally chronic, long-
er-lasting and able to promote immunosuppression that inhibits the intolerant
reactions in tissue. Furthermore, one of the objectives of tolerance is to contain
and limit a multi-site activated immune response. Tools that inhibit intolerant
responses can be used extensively to control immune inflammatory signals.

Briefly, prior stimulation can trigger two processes that can be associated with
tolerant (partial or complete) or intolerant responses. The intolerant response is

Inflammation
(Intolerance)

[ Effector Memory

Immunosupression
(Tolerance)

Figure 1. Effector and memory lymphocytes lineages are
generated in both tolerant and intolerant status.
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more associated with acute inflammatory responses, and the components of this
response are important for tolerance breaking or induction (by antigen costi-
mulation - AgCS, as explained below). In contrast, tolerogenic responses in the
periphery, which are initiated from contact with antigens, produce an-
ti-inflammatory responses with more persistent effects, including chronic, pro-

longed, or latent manifestations.

2. Antigen Costimulation (AgCS)

Immune costimulation and antigenic costimulation are different concepts, even
though AgCS is related to immune costimulation. Immune costimulation refers
to the secondary interactions of surface molecules that function to amplify or
reduce lymphocyte activation signals [18] [19]. A single stimulus can be suffi-
cient for the activation of an immune response that may involve a second cellu-
lar signal (immune costimulation). As a rule, low levels of cellular costimulatory
molecules are positively correlated with the induction of tolerance [20] [21] [22].

AgCS involves the induction of immunosuppression due to mechanism re-
lated to tolerance and refers to the induction of an immune response to antigen-
ic stimuli that originates from more than one body location (Figure 2). AgCS is
a mechanism of tolerogenesis that prevents both acute inflammatory responses
and subsequent collapse of the host tissues, and it occurs mainly due to the in-
volvement of multiple antigenic signals from different sites (antigenic costimuli).
Inflammatory and suppressor cells can be recruited from the immune organs to
respond according to the stimulus and the affected tissue.

It would undoubtedly be beneficial if foreign bodies, particularly pathogens,
could be eliminated quickly. However, mammals tend to respond to systemic or
multi-site infections with caution (tolerance) because an exacerbated inflamma-
tory response in multiple sites of the body may cause tissue dysfunction, organ
destruction, or system failures that might be potentially fatal for the organism.
According to Shafiani et al (2010), activated regulatory T cells (T regs) protect
the host by curbing inflammation and limiting collateral tissue damage; howev-
er, by limiting host immunity, T regs also inhibit pathogen clearance [23].

The concept of cell-mediated immunosuppression to self and non-self anti-
gens has long been recognized. However, the role of tolerant cells in infectious
diseases has only been revealed in the past several decades and was first de-
scribed in experimental models of Leishmania major infection [14] [15]. Meta-
cyclic promastigotes of Leishmania major were inoculated into both ear dermis-
es of resistant C57BL/6 mice [14]. Interestingly, the response observed in one ear
was inflammatory and acute, whereas the other ear exhibited a chronic response.
In our previous study, a persistent infection was observed in murine footpads
when multiple routes of inoculation, including intraperitoneal, oral, and intra-
tracheal, were stimulated simultaneously [16]. AgCS in the same tissue, but from
different sites, can also result in a tolerant response. For example, after the in-

oculation of similar concentrations of F. pedrosoi in five different locations of
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Figure 2. (a) Classical immunogenic model: After antigen inoculation in a single site (1), the presentation occurs in secondary
lymphoid organs such as spleen and lymph nodes (2) where effector and memory cells proliferate to an intense inflammatory
response towards the site of inoculation (1). (b) AgCS model: Distinct APCs (APC 1 and APC 2) from two or more sites migrate
to the lymphoid organs and stimulated simultaneously ThO cells. After copresentation of antigens from site 1 (infectious site) and
site 2 (second antigenic site) in secondary lymphoid organs, the immunological responses lead to tolerance in site 1 and

intolerance in site 2.

the mouse peritoneum, the experimental infection was more persistent [24] [25].
The question that remains for us is how the lymphoid organs target the immune
response and, more specifically, how they determine tolerant and intolerant
immune responses at each site. One of the factors that explains why an AgCS
response occurs when antigens are presented in different locations is that the
APCs are subject to distinct conditions, such as the levels of nutrients, oxygen,
hormones, and other extracellular factors; therefore, APCs in different locations
may have different phenotypes and abilities for antigen presentation.

Our studies on partial tolerance (prolonged infection at two sites) mediated by
AgCS demonstrated that after the resolution of the response at the first site of
acute inflammation, there was a stronger intolerant response at the second site
where there was previously greater tolerance, including the presence of focal,
granuloma-like lesions [16]. After altering the granuloma-like pathology at the
second site of inflammation towards an acute inflammatory condition, which
included an intense migration of neutrophils, the prolonged chromoblastomy-
cosis lesions were resolved. However, tolerant cells have a long lifespan in tis-
sues, and the question remains of how tolerant cells permit intolerance condi-
tions at the secondary site. A probable explanation is that the clearance at the

first site prevented the migration of the antigen presenting cells from the first
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site (APCs-1) to the lymph nodes and/or the spleen, thus leaving only the migra-
tion of antigen-presenting cells from the second site (APCs-2), which would lead
to an intolerant antigen-specific reaction because only one site was involved in
antigen presentation (AgCS was no longer occurring). Therefore, the secondary
site changed its cellular profile from tolerant to intolerant after the introduction
of more intolerant cells (such as neutrophils) at this location, acting to break to-
lerance. Hence, the plasticity of B and T cells that is linked to a tolerant or into-
lerant phenotype likely allows the cell to detect the conditions for which a spe-
cific immune response is preferable and, consequently, to promote the switch of
immune profile.

Chromoblastomycosis and leprosy are chronic diseases with variable manife-
stations, ranging from mild to severe. The disease forms can be positively corre-
lated with the development of complete or partial tolerance in response to AgCS
according to the number of stimuli/sites in the body. Cases of diffuse chromob-
lastomycosis and multibacilar Hansen diseases are good examples of constant Ag
restimulation leading to tolerance due to the presence of multiple infection sites
(AgCS mechanism). Thus, the more tolerant the body remains, the more diffi-
cult it is to eliminate the pathogen and treat the host due to adaptations for pa-
rasitism and injury severity.

Another good example of a multi-site infection is generalized onchocerciasis
(GEO), in which AgCS may have a central role in the development of tolerance.
The presence of this parasite in several sites can stimulate peripheral tolerance
through AgCS. Doezet et al (2000) showed that antigen-specific cellular hypo-
responsiveness in chronic onchocerciasis was mediated by T regs. Filarial forms
infect the human host and form several nodules (onchocercomas) [26]. Anti-
gen-specific cellular hyporesponsiveness mediated by Th3 responses has been
detected in patients with GEO [26]. A similar situation probably occurs in many
chronic diseases induced by bacteria, fungus and other parasites, particularly
those in which multiple granulomas, nodules, or more than one focal lesion are
observed. In lymphatic filariasis, tolerance has been suggested to be associated
with T cell proliferative hyporesponsiveness [27].

In other situations of AgCS, the decrease in protection or resistance to patho-
gens can be even more harmful if there are other causes of cellular immunosup-
pression, such as infection with human immunodeficiency virus (HIV). That is,
the down-regulatory response to adverse external factors such as pathogens or
antigens is more intense when there is tolerance by AgCS associated with im-
munosuppression by another agent. In pulmonary tuberculosis, for example, the
response mediated by AgCS can be stimulated through multiple granulomas that
act as the causes of a tolerant response. In many cases of this infection associated
with HIV, the host’s defense decreases, and its pathogenic load increases [28].

Immunosuppression resulting from peripheral tolerance can also be involved
in the systemic and lymphatic dissemination of pathogens. The constant anti-

genic variation of the cell surfaces of certain pathogens can also be linked to an
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increase in tolerance generated by distinct antigen-presenting cells (APCs), par-
ticularly in certain bacterial, fungal and protozoan infections such as Strepto-
coccus, Paracoccidioides and Leishmania. This antigenic variation is a mechan-
ism of immune evasion that is capable of eliciting immunosuppression by AgCS.

Although the emphasis of the present review is to discuss the features of the
immune system interactions with environmental antigens, the induction of pe-
ripheral tolerance to self-antigens through AgCS is also possible. Toes et al
(1996) showed that immunization with synthetic peptides and a subsequent
challenge with Ad5E1A-ras-transformed tumor cells led to the elimination of the
anti-tumor cytotoxic T lymphocyte (CTL) response and the enhancement of
tumor growth through the induction of specific T cell tolerance [29].

The term “danger signal” was proposed by Polly Matzinger and refers to the
mechanism by which the innate immune system breaks peripheral tolerance [30]
[31]. Each type of tissue has distinct APCs. The stimuli produced by these cells
are delivered to the secondary lymphoid organs after APCs migrate from the
processing sites to initiate the responses that are specialized for a particular an-
tigen and tissue. After the induction of peripheral tolerance through AgCS via
the simultaneous challenge of the murine peritoneum and footpad, we pre-
viously observed that both footpads were swollen after a few days, although the
infected footpad had a larger volume (unpublished data). At the time, these ob-
servations were consistent with Polly Matzinger’s concept of danger signals.
These experiments are easily reproducible and provide clear evidence in support
of the danger signal hypothesis. The swelling of the uninfected footpad could
have occurred as a result of the migration of tolerant target-specific activated
cells, although the swelling of the uninfected footpad was milder relative to the
swelling of the infected footpad. Therefore, the response is targeted to the spe-
cific tissue that contains the necessary features to receive the tolerant or intole-
rant activated cells. Our findings corroborate the hypothesis that danger signals
originate from the location where the stimulatory action occurs and can orches-
trate an antigen site-specific response, a local tag. However, we would also sug-
gest that the features of the antigen that are associated with the processing site
have crucial roles in both the activation and direction of the immune response
and in determining the type of response, either acute or persistent. The biggest
enigma is how the decision to mount an acute vs. persistent response is made for
each specific site after AgCS. These responses are probably initiated and estab-
lished in the secondary lymphoid organs, such as the spleen and lymph nodes,
according model established in Figure 3. Normally, T regs in the circulating pe-
ripheral blood migrate to the affected site after sensing danger signals from the
specific antigenic stimuli that are present in the lesion [23]. We believe that the
body prioritizes the recent focus of Ag-presentation for an immunogenic profile
(more inflammatory), tolerating the older ones.

Circulating antigens and Ags processed in APCs move to the secondary lym-

phoid organs, in which the tolerant and intolerant lymphocyte profiles are likely
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Figure 3. Models of intolerant and tolerant profiles from homogenous and heterogenous APC profile. Ti = intolerant T cell, Tt =

tolerant T cell.

induced. These cells subsequently proliferate as memory cells and as effector
cells. Tolerant effector cells can migrate to inflamed regions of the body [32].
Several cellular receptors are linked to the migration of tolerant cells. Zhang et
al. (2009) demonstrated that T regs use a sequential pattern of distinct surface
receptors, such as chemokine receptors and selectins, to migrate to different tis-
sues [33]. They also suggested “that the migration to the inflammatory site of in-
flammation and then to draining lymph nodes (dLNs) was necessary for T reg
cells to differentiate and fully execute their suppressor function”.

Contact with an allergen following oral or nasal desensitization therapy often
fails to cause harmful hypersensitive effects, even when the contact occurs years
after therapy. Therefore, induced immunosuppressive memory is a component
of the tolerant immune response. Another example of induced immunosuppres-
sive memory is the peripheral tolerance of the mucous membranes. Copresenta-
tion of specific and nonspecific Ags (especially if non-specific Ags are mitogens
or super-antigens) can greatly exacerbate the proliferation of immunosuppres-
sive lymphocytes.

There appears to be a homeostasis between the immune tolerance and into-
lerance states. Thus, induced tolerance can be correlated with prolonged or
chronic diseases. In the case of prolonged infection (a state of partial tolerance),
we have demonstrated that two sites of immune reactivity were sequentially ex-
tinguished in an integrated manner [16]. Where there is tolerance, it can be
broken as intolerance-inducing factors increase, such as an increase in the num-

ber of neutrophils (tissue infiltration), and this occurs after the clearance of the
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first infected site. Therefore, induced tolerance can be reversed by an intolerant
immune response. This new perspective could facilitate the study of immunolo-
gy and an understanding of the immune system with regards to tolerance and
intolerance.

In the body, T helper responses can work simultaneously. T helper (Th1, Th2
and others) responses may function alongside a Th3 response as intolerant
remnants within a tolerant whole. The immune-homeostatic balance between
the T helper and the Th3 profile is responsible for either maintaining or break-
ing tolerance. Cong et al. (2009) showed that T regs are important to maintain
IgA responses to antigens of the microflora, such as flagellin [34]. However, we
suggest that intestinal anti-flagellin IgA is part of a coordinated intole-
rant/tolerant state because the presence of Th2 cells (intolerant) and T reg cells
(tolerant) culminates in peripheral partial tolerance through AgCS. Evidence for
this can be found in the same study because when the tolerant cells were re-
moved, only the intolerant reaction remained. Akadegawa et al. (2005) showed
that aerosolized exposure of OVA to aged BWFI mice, which had been orally
inoculated with the same antigen, provoked eosinophil infiltration into the lungs
[35]. The authors proposed that the oral antigen induced systemic sensitization
instead of oral tolerance. We observed two different responses: an inflammatory
response at the primary site and a granuloma-like response at the secondary site
[16]. The switch from a persistent to an acute infection is regulated by systemic
coordination after the elimination of the primary site of inflammation.

The skin and mucous membranes are good examples of sites where tolerance
and intolerance are balanced. These sites are frequently in contact with a large
number of environmental antigens from the air, food, water, and microbiota.
Therefore, these professional recognizing sites become more tolerant of the
presence of external antigens. This tolerance allows the maintenance of the en-
tire system by the interactions between self-tissues and the external environ-
ment. Therefore, the skin and mucous membranes represent the best examples
of sites where AgCS occurs. In addition to protection against pathogens, the mi-
crobiota provide nutrients and specific stimuli at multiple locations that induce
tolerance. Thus, immune responses can be made after recognizing several anti-
gens leading to immunity and homeostasis, a transient switching between the
intolerant profiles of Thl, Th2, or others within a Th3 response. Therefore,
AgCS can be used to explain why the mucous membranes and the skin do not
typically produce permanent tolerogenesis. According to Hart e al (2002), “a
relationship between the normal microflora and the host immune system exists
with a mutual dependency between the two. Successful coexistence with a com-
plex microflora presents a particular challenge to the immune system of the
host” [36]. Recent studies have indicated that microflora could be related to ob-
esity and insulin resistance [37] [38]. Interestingly, it appears that as the biodi-
versity within the human microflora increases, the development of tolerance also
increases. A reduction of microbial diversity also appears to influence the im-

mune tolerance decline observed in obese individuals, which generates a state of
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low-level inflammation [39]. According to the hygiene hypothesis, antigenic de-
sensitization is a condition present in modern life related to an increase in aller-
gic and autoimmune diseases [31]. Probiotics have been used in the treatment of
inflammatory, allergic, and autoimmune diseases [40]. These microorganisms
have a positive influence on healthy microbiota biodiversity. Thus, constant sti-
mulation by AgCS with diverse antigenic loads from healthy microbiota in the
gut is a good tool to restore a tolerant state.

The pattern of the responses from outbred and inbred animals observed in
our previous AgCS investigation appears to be similar to that observed in hu-
mans and other mammals. Previous oral sensitizations with F. pedrosoi antigens
demonstrated that prior antigenic contact can lead to immunosuppression states
for further infections [16]. Consecutive contacts with the same agent may trigger
more tolerant responses, especially when the presentation occurs at sites that are
prone to tolerogenesis, such as the skin and the mucous membranes. Addition-
ally, many microorganisms have antigens that are conserved between microbial,
plant, and animal species or that can trigger cross-immunity. Therefore, the de-
gree of susceptibility, the type of immune response, and the pathogen’s adapta-
tion to the host may be directly related to prior antigen sensitization provided by
constant environmental stimulation, such as a constant inoculation of an antigen
that is conserved among species. Thereby, previous environmental Ag contact
could be one factor associated with resistance and susceptibility. For this, the
more an antigenic load is observed by the body, the more harmonic convergence
in relation to local environmental Ags is accumulated.

The endemicity of circulating antigens probably causes more tolerance to
agents in specific zones; consequently, constant regional-Ag contact leads to
immunosuppression by AgCS that is linked to more resistance and down mod-
ulation of deleterious inflammation. In malarial infection, the networking bal-
ance relative to expression of multiple serum factors may be driving the protec-
tive response or disease severity according to immune patterns of infected indi-
viduals [17]. Complex network interactions between IL-10, IL-4, and TGF-f and
other humoral mediators has been established in asymptomatic Plasmodium vi-
vax infection, while severe malaria was associated with a restricted network, pa-
rasitemia and a prominent pro-inflammatory response. The introduction or
re-introduction of pathogens can have more severe effects in a population with
limited or absent prior-antigenic contact because of the disharmonic relation-
ship between pathogen and host. When the parasite load (the stimulus) in a
population is high, fitness levels tend to decrease, and the chances of developing
autoimmune disease increase. Nevertheless, resistance to adverse factors leads to
transient states of immune hyperreactivity, creating temporary protection in the
population but also a decrease in the reproductive rate [41]. Thus, infections that
occur in individuals outside their natural habitat can also be highly damaging.
Primary contact with antigens can be a cause of severe intolerant reactions with
intense inflammatory responses. However, frequent contact with local circulat-

ing antigens of pathogens can stimulate tolerance, including by the AgCS me-
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chanisms. Therefore, the proposed concept of peripheral tolerance induction by
AgCS suggests that the timing resolves the conflicts of local coexistence; al-
though the responses appear to be temporally less effective, the body becomes
more resistant to the challenges, including reinfections or infections with other
pathogens. These relationships between pathogen and host tend to be more
harmonious, and the course of infections become asymptomatic/latent or
mild/moderate. And, although this tolerant response is good for the host, it
creates a pseudo-resistance condition to environmental antigens, promoting also
the establishment of pathogen persistence and the adaptive induction of patho-
gen mechanisms to evade the host defenses.

A subset of CD8" T reg cells is very important for maintaining tolerance, and
these cells can suppress reactive follicular CD4" T cells [42]. In our study of
AgCS, CD4-KO animals that were subjected to AgCS exhibited an exacerbation
of disease only at the beginning of a prolonged infection and subsequently had
cured lesions. In contrast, CD8-KO animals developed a severe and progressive
infection, suggesting an increase in suppressor activity that was specific for the
F. pedrosoi antigens at the secondary infection sites in the absence of the CD8
receptor [16]. This suggests depolarization of a tolerant/intolerant immune re-
sponse in later stages of prolonged infections. Moreover, intolerant CD8" T cells
could have an important cytotoxic function, whereas in their absence, there
could be an exacerbated proliferation and maintenance of tolerant CD4" T cells.

A connection between MHCII molecules and tolerance has been demonstrat-
ed [43]. However, we noted that through AgCS, tolerance could be achieved in-
dependent of MHCII [16]. Previous studies have implicated non-classical MHCI
molecules in the CD8" T reg-mediated suppression of autoreactive CD4" T cells
[42].

3. Antigenic Stimuli and Gateways

The antigens passage through portals of entry, such as the oral, pulmonary, and
epidermal routes, generaly is effective in inducing peripheral tolerance. In con-
trast, the administration of antigens through the intravenous, intramuscular, or
subcutaneous routes is more associated with induction of intolerant responses.
The induction of tolerance and the relationship between antigenic dose and the
route of administration has been previously studied in detail. Katsura et al
(1972) reported that the establishment of a tolerant state was related to multiple
low-dose administrations or a single high-dose administration of BSA antigen
[44]. Zinkernagel and Hengartner (2004) reported that immune reactivity is re-
gulated by the antigenic dose, duration of exposure, and relative distribution ki-
netics [45]. Thus, antigen presentation to naive T or B cells can lead to an into-
lerant or tolerant state. These two pathways are controlled by the conditions
under which antigens are presented and the activation state of the APCs, ac-
cording homogeneous and heterogeneous APC profile (Figure 3 and Figure 4).

Antigen persistence (constant antigen presentation) is important for the main-
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tenance of tolerance [46]. According to Boer et al (2001), tolerance can also oc-
cur when an antigen persists for a long time [47]. A single, high-dose stimulus
could require more processing time by APCs, which would increase the persis-
tence of antigen in the host. Moreover, processing times can differ according to
the inoculation route, tissue, solubility and adjuvants. In this review, we present
that the type of immune response, if tolerant or intolerant, is based on the num-
ber of sites stimulated and presenting cells profile (Figure 3 and Figure 4).
Redmond et al (2005) reported that a single dose of antigen was insufficient to
achieve complete clonal deletion regardless of the amount of antigen used for
stimulation [48]. However, consecutive stimulations with antigen promoted
clonal deletion at low antigen concentrations or anergy at high antigen concen-
trations. From our perspective, we believe that the costimulatory signals pro-
duced by APC presentation to T and B cells can be important in inducing a state
of tolerance or intolerance. Multiple factors, such as antigen chemical properties,
the persistence and distribution of the antigens in the host, the inoculum size,
the presence or absence of immune costimulatory molecules or adjuvants, the
route of administration, the degree of APC maturity, and the number of inocu-
lation sites, should be considered because they can influence the immune re-
sponse, including the development of acute or chronic diseases. These factors in-
fluence the divergence of type and intensity of the immune responses. When
high doses of antigens are used and when the antigens persist for long periods, a
higher degree of immunosuppression is observed after antigen presentation by
distinguished APCs. This is especially true when antigen presentation occurs
through AgCS. Therefore, persistent infection is a term that we use with caution.

For example, depending on the type of stimulus methodology, persistence

Tolerance
(persistent response)
Homo or

heterogenous
tolerant APC signal

Steady

AgCS

Heterogenous APC profile
(multiple sites) Transient

signals from APCs

Homogenous APC profile
(single site) Unstable

Intolerance
(acute response)

Figure 4. Homogenous profile from antigen presenting cells leads to
convergence for an intolerant profile (unstable imune status), while
signals from multiple or tolerant sites cause tolerance (transient and
steady status).
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can refer to a chronic, latent, or prolonged infection. In a previous study, we
demonstrated that Ag inoculation at a single site induced more pronounced in-
flammatory responses, whereas inoculation at multiple sites induced immuno-
suppression of the lesions with a chronic or prolonged infection course [16]
[49].

The prolonged presence of antigens can lead to a state of immunesupression
including the sites of infection that contain pathogens. Although this can be
beneficial to the host, it can also be harmful. For example, when the presence of
the pathogen is prolonged, it creates conditions under which the pathogen can
survive longer and adapt to the host. Additionally, when the antigen is present at
multiple sites during AgCS, some of the inactive sites (dormant) are predisposed
to reactivation. This can occur when infected people are vaccinated because the
first site of infection changes to a tolerant phase and the intolerant response mi-
grates to a new antigenic focus (vaccine site). In this case, the latent or chronic
infection at the primary site can reactivate due to changes in an immunosup-
pressive condition.

Vaccines and immunotherapeutic molecules can trigger a tolerant or intole-
rant response according to the vehicles used for administration. Astringent ac-
tions or complex formation of the Ags at inoculation sites causing difficulty in
their spread in tissues may be very interesting for induction of intolerant res-
ponses, such as in vaccine development. Additionally, the use of particles such as
liposomes, oils, polyethylene glycol, and other dispersant agents may be more
interesting for the induction of tolerance by AgCS due to their ability to spread
Ags into the tissues.

The nature of the antigen and/or the parasite load can be very important in
the regulation of the intolerance profile (e.g., Thl, Th2) mixed with a tolerant
response (Th3). Different chronic profiles can be created by these tolerant and
intolerant response interactions that may directly influence the symptoms and
susceptibility of the host. Interleukin-5 (IL-5) has been associated with the che-
moattraction of polymorphonuclear (PMN) cells and the development of im-
munity to parasites [26]. A comparison between the production of cytokines in
uninfected patients and in patients infected with O. vo/vulus demonstrated that
reduced levels of IL-5 correlate with increases in the parasitic load [50]. Thus, we
believe that when larger amounts of antigen and/or different sites are involved, a
greater induction of tolerance is generally observed. Moreover, this likely occurs
by a mechanism linked to AgCS. In mild or moderate chromoblastomycosis, the
disease presents more localized lesions and the presence of intolerant immune
components, such as neutrophils. In the severe and diffuse forms of this disease,
the lesions are scattered, and there is a smaller contribution of PMN cells. In the
mild to moderate forms of chromoblastomycosis, a switch between the Th1 and
Th2 cytokine profiles and a low level of production of IL-10 are observed in the
peripheral blood of patients [51]. However, in the diffuse form of the disease, the
cytokine profile typically includes high levels of IL-10 and TGF-pg, which we

propose is due to a state of stronger tolerance related to the larger amount of

DOI: 10.4236/0ji.2017.74006

72 Open Journal of Immunology


https://doi.org/10.4236/oji.2017.74006

A. P. Machado et al.

fungi at multiple sites. Therefore, if both the number of affected sites and the
stimulus load are high, the level of tolerance will be higher in the infected organ-
ism.

Tolerance can either be antigen-specific, which prevents generalized immu-
nosuppression, or nonspecific, which may be related to the general tolerance of
the system. Tolerance to protein antigens appears to be generally anti-
gen-specific, whereas tolerance to nonprotein antigens has been shown to be an-
tigen-nonspecific. There may be diversity in the response for both cases. For
example, an individual that is tolerant to a particular antigen can become tole-
rant (anergic) toward several other antigens following a secondary stimulation.
Pathogen-associated molecular patterns (PAMPs) are conserved structures of
microorganisms, such as lipopolysaccharide (LPS), peptidoglycan, mannan, and
lipoarabinomannan, that can promote B and T cell activation and/or differentia-
tion. LPS is a potent inducer of pro-inflammatory responses; however, T-cell
independent antigens can suppress immunity and induce B cell tolerance in vivo
[52]. Regulatory B cells modulate inflammation and autoimmunity through the
production of IL-10 (B10 cells) [53]. A more rapid B10 cell clonal expansion oc-
curs after LPS stimulation relative to the LPS-mediated expansion of other
splenic B cells [54]. Intravenous (i.v.) inoculation of a single dose of LPS one day
before tumor inoculation in a T-lymphoma model efficiently inhibited liver me-
tastasis [55]. However, after i.v. inoculation of sequential doses of LPS (on the
first, second, and third days), a tolerance to metastases was observed. When the
same doses were injected on different days (the first, seventh, and thirteenth
days), a protective effect was observed regarding metastasis of the lymphoma
cells. These experiments shown that a peripheral tolerance can be induced by
APCs of different maturities and by the timing of the antigenic presentation. In
another example, three intravenous injections of dendritic cells MOG-pulsed
and matured with Tumor Necrosis Factor (TNF) at different times (-3, —5 and
—7 days) prior to induction of Experimental Autoimmune Encephalomyelitis
(EAE) led to the complete prevention of disease [56]. A specific tolerance was
observed with late production of IL-10 by CD4+ T cells, and little IFN-y. Single
i.v. injection of TNF/DCs ameliorated the EAE. However, when three consecu-
tive injections of semi-mature TNF/DCs were given subcutaneously, the profile
was immunogenic and did not protect mice from paralysis [57]. Therefore, when
one response is concomitantly stimulated with another response, especially in
the context of AgCS, the induction of tolerance occurs; this tolerance is depen-
dent on the heterogeneity of the APCs that present the same antigen [58]. Sam-
mons et al. observed a strong interferon response in monkeys after an initial
dose of poly I:C. However, a hyporesponsive state was noted after subsequent
injections.

No response was observed to either Type III pneumococcal polysaccharide or
glucuronoxylomannan (GXM) in CBA/cHN xid mice, even though the mice re-
sponded to an immunization with trinitrophenyl-lipopolysaccharide [59]. This

study demonstrates the importance of Bl cells during a reaction of intolerance to
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a thymus-independent antigen and that picric acid injected with an antigen can
stimulate a reaction of intolerance. The epitopes present in an antigenic complex
can generate different immune responses, which tend to be either inflammatory
or suppressive. Peptide immunotherapy using a multiple-dose tolerization pro-
tocol induces the production of IL-10 and prevents allergic asthma [60]. The
resolution of this pathophysiology was associated with the reduced recruitment,
proliferation, and effector functions of allergen-specific Th2 cells. After multiple
doses administered with several immunomodulators, it was concluded that im-
munosuppression can be either compartmentalized or systemic [61]. Although
the partial tolerance induced by AgCS is coordinated systemically, it appears to
function in a compartmentalized manner with different responses in the affected
organs. Dai et al (2005) described that an “acute primary immune response
tends to focus on few immunodominant determinants using a very limited
number of T cell clones for expansion, whereas chronic inflammatory responses
generally recruit a large number of different T cell clones to attack a broader
range of determinants of invading pathogens or the inflamed tissues” [62].

Super-antigens constitute a family of microbial proteins that induce high le-
vels of T cell proliferation due to an increased affinity for MHCII binding. The
strong bond to the superantigens and MHCII molecules of different mature
APCs could be related to the persistent apresentation and to the continuous sti-
mulation of effector cells that generates a state of anergy in T cells. Sequential i.v.
injections of staphylococcal enterotoxin A (SEA) in mice led to a severe reduc-
tion in the proliferation and cytokine production of anergized T cells [63]. Anti-
gen recognition and cell differentiation in lymphoid organs generally occurs
between 2 to 3 days. Over the normal course of AgCS, which occurs through the
copresentation of mature APCs after consecutive administration of multiple
doses of antigen, the tolerant response does not occur if the challenge intervals
for more than two days, and it is related to the mitosis cycle time of lymphocytic
proliferation. However, super-antigen stimulation is an alternative form of AgCS
that is not necessarily time-dependent because the super-antigens are more per-
sistent in the hosts. An example of this persistence can be observed in mice
treated with a single injection of SEA, which induces transient CTL activity that
peaks at day two (primary response) and then returns to background levels after
four days [64] [65]. Therefore, the use of super-antigens to generate AgCS
achieves a longer contact period (more than two days) between the stimuli. In
this model, the CTL cytolytic activity in the spleen declined to 40% after the
second i.p. injection of SEA four days after the initial injection [66].

Intravenous, oral, and pulmonary routes of antigen administration are more
likely to lead to AgCS with a single dose of antigen, which generates a state of
tolerance (also called an anergic, hyporesponsive, or non-responsive state).
However, other routes of antigen administration, such as the subcutaneous,
intramuscular, and intraperitoneal routes, require antigen administration at dif-
ferent locations to successfully establish peripheral tolerance. The location of

super-antigen administration is equally important. However, the maximum
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contact time between the first and second stimuli may be different due to the
greater persistence of super-antigen responses in the host. The combined use of
Ags and super-Ags through specific routes and in adequate quantities is a good
way to induce peripheral tolerance or intolerance and could have many applica-

tions

4. Antigenic Co-Stimulation and Trade-Offs between
Intolerant and Tolerant Responses

Multicellular organisms have evolutionarily inherited natural requirements for
tolerance from their ancestors, and the state of tolerance has been perfected
through the constant exposure to stimuli from successive generations. The
presentation in lymphoid organs is a multicellular phenomenon, but the im-
mune response pathways is defined on the antigenic sites according APC profile
(Figure 3 and Figure 4). Although intolerance is a vigilant mechanism that is
more related to a primitive immune system, it is through disharmonic interac-
tions that tolerance is adaptively designed and established. Tolerance can be in-
duced by intolerant reactions, such as those mediated by AgCS in the peripheral
immune system. Therefore, intolerance is a “necessary evil” in immunological
interactions to allow for the development of tolerance. Intolerance reactions
serve as the basis for self and non-self tolerance. The intolerant responses most
often occur as a reaction to signals from the environment and occur more rarely
to internal disorders. Individuals with a more tolerant immune system excel in
terms of survival due to various factors. First, they often spend less energy to re-
solve their immunologic demands, which results in increased fitness. Stress and
energy expenditure are lower when problems are resolved more slowly (calm-
ly/carefully). Second, the intercellular peaceful coexistence evolutionarily tends
to lead to an increase in beneficial relationships, such as mutualism and cooper-
ation. Undoubtedly, the organisms that are more tolerant to their environmental
conditions are better adapted to the planet and have greater chances of evolu-
tionary success. However, the more tolerant an organism becomes, the more
susceptible (pseudo-resistant) that individual is to environmental pressures. Al-
though tolerance has its cost, the evolutionary benefit of tolerance still outweighs
this cost. The lack of immune challenges can also lead to ignorance in the organ-
ism’s immune system.

Antigenic stimuli in the body can cause to two responses. The first possible
response is an acute condition mediated by inflammatory factors, such as
pro-inflammatory cytokines and activated cells (a intolerant profile). This reac-
tion can be efficient, robust, and fast and cause systemic resistance. However, an
acute response involves a high expenditure of energy, causes tissue necrosis or
dysfunction, and can be disastrous for the body depending on the extent of the
lesions in the organs or systems affected by the response. The absence of immu-
nosuppressive factors, such as tolerant cells and anti-inflammatory cytokines,
could be associated with the proliferation of pathogenic cells [67].

The other response, which may or may not involve components of the in-
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flammatory response, uses tolerance to temporarily preserve the tissues from an
immune attack and is a more adaptive response that causes either partial or
complete tolerogenic status. This tolerant response to environmental stimuli has
advantages over the inflammatory response because the interspecies interactions
that are involved increase the fitness of both the pathogen and the host. Thus,
intolerance is a robust, upstream response generated by limited aggression,
whereas peripheral tolerance is a downstream response that, when generated
through AgCS, can provide feedback to regions of inflammation (hot-spots) me-
diated by intolerant processes at different sites in the body.

Peripheral tolerance can be generated in response to extreme conditions of
intolerance propagated in multiple sites. Tolerance is also an obligatory pause in
the immune response to determine the best course of action. Tolerance develops
through patterns of intolerance and may temporarily dissolve them. In cases of
infections, the tolerant response can lead to pathogen adaptation and resistance
to inhospitable conditions in the host as the inflammation is slower, which can
amplify the pathogen persistence [16].

Onchocerca volvulus infections are a good example of parasitism that involves
AgCS. In AgCS, it is likely that stimulation occurs at distinct sites in which dif-
ferent APCs reside. These APCs migrate to the secondary lymphoid organs and
contribute to the development of an immunosuppressive state in both coordi-
nated systemic-dependent and localized-independent ways. However, it is un-
clear how this can occur in places of immune regulation. Our previous observa-
tions suggest that AgCS is a common reaction that causes the induction of an
integrated immune response with varying local responses that are generated to
solve a multifocal problem [16]. Infections that are induced by AgCS can be
subdivided into either prolonged or chronic infections [16]. In prolonged infec-
tions, the lesions are resolved more slowly than in acute experimental chromob-
latomycosis. During the prolonged infection, there is a concomitance of tolerant
and intolerant responses. Tolerance and intolerance are independent responses
that have a localized and effective action, although they are jointly regulated by
the system in a centralized manner. Nevertheless, when the primary site heals as
a result of the intolerant response, the inflammatory response at the secondary
site becomes more effective. In other words, the tolerized site is replaced by a
more intolerant response that functions in healing.

The prolonged responses are typically longer than acute responses, but when
eventual clearance of the infection occurs, the response can also result in resis-
tance to future infections. In contrast, chronic responses consist of an establish-
ment of complete tolerance to the pathological state, which can have irreversible
negative consequences for the host. Tissues can become impaired due to chronic
responses. However, the tolerant response can still preserve vital functions and a
more hospitable environment for cell survival. In a chronic response, the intole-
rant B and T effector cells are likely anergized or depleted due to the influence of
immunosuppressive factors, such as cytokines or tolerizing lymphocyte cell

contacts. In many diseases, the major pathophysiological damage is caused by
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the B and T cell repository and interactions with the tissues. Another important
aspect of the immune response is the ability of both the host and pathogen to
undergo adaptive convergence. This adaptability could influence the intensity of
the immune reaction and the longevity of the interaction (related to pathogen
persistence and host tolerability). During a dermatophyte infection, tolerance is
linked to the degree of adaptation between the host and the fungi. The anthro-
pophilic species tend to produce few inflammatory reactions (more prolonged or
chronic), while the zoophilic and geophilic strains cause generally intense in-
flammatory lesions (more acute).

A systemic immune equilibrium can be obtained through counterbalance of
intolerance and tolerance, especially when there are previous intolerant stimuli
that lead to heterogeneous APC profile and, consequently, to AgCS. Here, we
present tolerance in the context of the hypothesis that an increase in the dura-
tion of the immune response can improve the outcome for internal disorders
and environmental pressures. However, tolerance can be an opportunity for pa-
thogens. Therefore, the most resistant and vigorous pathogens can survive. In a
steady state, total peripheral tolerance may depend on stimulation through AgCS
with thymus-dependent and thymus-independent antigens, and consequently
when B and T cells are anergized. However, a transient state (partial tolerance)
occurs when there is thymus-dependent or thymus-independent stimulation.
The greatest problem with the induction of complete tolerance is the possibility
of making the host more tolerant and thus more susceptible to external aggres-
sions, such as pathogens.

The interaction of distinct APCs with T or B cells could be the mechanism
involved in hyporesponsiveness mediated by AgCS. The immune system evasion
by many parasitic protozoa and helminths may involve the hyporesponsive state
and could be due to the copresentation from multiple stimuli in the body. Thus,
AgCS could be one of the primary mechanisms linked to this evasion. Many
long-lived parasites, such as helminths, have a remarkable ability to down-
regulate host immunity, thus protecting themselves from elimination and mini-
mizing pathologic reactions in the host [68]. Protection against allergy and au-
toimmune diseases has been linked to the hyporesponsive immune state in indi-
viduals with helminthic infections. Hyporesponsiveness in helminthic infections
may also be associated with the expression of regulatory network components
and the downmodulation of the allergic immune response [69]. Although toler-
ance is antigen-specific for the parasites, the constant antigenic stimulation in
the peripheral lymphoid organs, which is where the lymphocytes proliferate,
leads to a chronic state of general tolerance in the lymphoid organs. High levels
of IL-5, IgE (part of the Th2 response), and IL-10 production have been ob-
served in children with common intestinal helminthic infections, especially
among co-infected individuals and chronically infected children [70]. These
helminthic infections were associated with a general suppression of the cytokine
responses to the mitogen. A balance between the Thl and Th2 responses or the

activation of only a Thl or a Th2 response may coexist with a tolerant response,
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particularly when the tolerance state is partial. We extracted this hypothesis in
accordance from data by Miller ez al [71].

We suggest that the immune system can maintain a state in which intolerance
and tolerance forces coexist in a permanent balance (vigilance) to ensure stabili-
ty (endurance). The immune system is a dynamic and constantly fluctuating
system [72], through which complex homeostatic reactions normally tend to
converge for whole-organism harmonization. In the tissues, tolerance or into-
lerance can be silenced. However, in the central organs of the immune system,
tolerant and intolerant memory cells can survive for extended periods of time.
Tolerant cells are essential for both central and peripheral tolerance. These cells
can prevent intolerant reactions, such as allergic reactions, autoimmunity, and
chronic inflammatory diseases. Stem cells have naturally tolerant phenotypes
and appear to be important for the establishment of tolerance in many organs.
Stem cells are even being considered for therapeutic uses to treat autoimmune
diseases [71]. However, stem cells can also cause suppression of the host im-
mune response to pathogens and tumor cells. Stem cells containing suppressive
properties have been detected in TB granulomas [73]. This property may be re-
lated to the fact that they can differentiate into distinct APCs and consequently
exhibit different patterns during antigenic presentation, which we have designed
as AgCS.

5. Conclusions

In summary, the main contributions of this review are the introduction of AgCS
hypothesis and its relation with tolerant/intolerant immune responses, which
can be interesting tools for multiple biotech and medical applications. The re-
view also discusses important aspects of life on Earth in an immunological con-
text in which organisms are interconnected synergistically through their bodies
with the external environment. Immune system can adapt through disharmo-
nious relationships (e.g. intolerant forces) to a tolerant profile and thus undergo
coevolution of a divergent antigenic pathway for tolerance of selective pressures
with relative success. Additionally, the immune system is part of an even more
complex mechanism that is capable of integrating and coordinating all of the
organic systems in a single network, which can be referred to as sophisticated
multicellular altruism. This warrants further study as an engaging, innovative,

and challenging theme in immune tolerance.
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