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Regulatory T cells (Tregs) as key players of the immune system are exposed to numerous triggers includ-
ing exogenous and endogenous factors. Autonomous nerve activity, melatonin, hormones such as vitamin
D and glucocorticoids as well as the exposure to sunlight and microorganisms shape our immunological
profile. The complexity of this system is highlighted by the power of each single trigger but more impres-
sive by influencing each others function and potentials directly and indirectly. However, while mono-
causal correlations of single triggers on Tregs have been studied at length, there is much less known
about the impact of numerous coexistent triggers on the dynamics of Treg activity. It can be hypothesized
that the dynamics of Treg activity plays a crucial role for the control of our immune system. Therefore it is
of the utmost importance that a new translational, multi- and interdisciplinary approach finds its way
into future research efforts, which should lead to a more comprehensive and holistic view on the complex
immunoregulatory mechanisms and to act in the sense of public health.

� 2011 Elsevier Ltd. All rights reserved.
Regulatory T cells: the emerging key player of
immunoregulatory mechanisms

The balance of inflammation is a critical point in many diseases.
On the one hand a sufficient inflammatory response has to be cre-
ated to fight microbial infections; on the other hand a sufficient
inhibition of inflammatory pathways must be provided to control
excessive inflammation and its harmful effects.

The immune responses are tight regulated by ‘‘upper level’’ reg-
ulation such as the psychoneuroendocrinological control and also
the regulations in the system itself such as the impact of infections
on the immune responses via antigens triggered bystander sup-
pression. Observing that organisms have an impact on immunoreg-
ulation led to the ‘‘old friend hypothesis’’, first used by Rook and
colleagues, suggesting that different organisms including sapro-
phytic mycobacteria, bifidobacteria, lactobacilli and helminthes,
are recognized by the human innate immune system as innocuous.
These organisms can induce specific and unusual maturation pat-
terns of dendritic cells, which in turn can induce Treg responses
[1]. In all these controlling pathways Tregs, which are able to inhi-
bit immune responses in different ways, are crucial. But what are
these Tregs? Classified into different subgroups they include natu-
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rally occurring Tregs which interestingly can be transformed to IL-
17 secreting pro-inflammatory Th17 cells via IL-6. In contrast, in-
duced Tregs do not transform after exposure to IL-6 and stay in
the regulatory function. However, both subgroups provide similar
phenotypes and functions and it has been shown that naive
CD4+CD25�FOXP3� T cells attain a transient CD25+FOXP3+ state
when confronted with different stimuli. FOXP3 expression and reg-
ulatory function are not exclusive features of a stable or unique lin-
age of T cells, but may also be a transient state attained by almost
CD4+ T cells and the population is considerably more flexible than
previously thought. Exogenous – as well as endogenous triggers
might be able to regulate the differentiation of T cell populations
into a responsive Treg population in humans, but interestingly this
wasn’t observed in mouse effector T cells [2]. Activated FOXP3+

cells have the capacity to down regulate FOXP3, which may corre-
late with their scope of suppression and interestingly, they can be
reactivated. Could it be that these induced Tregs play the most
important role in maintaining the balance of the transient regula-
tory function and further, which cells should be included to draw
suitable conclusions by commonly used flow cytometric staining
to distinguish between transient Tregs? The majority of published
articles define Tregs as the CD4+CD25high population. Thus, it’s gen-
erally accepted that this population is highly regulatory and pre-
vents harmful immune responses, although a huge number of
FOXP3+ Tregs which are CD25intermediate are not considered and
probably bias percentages of outcomes of clinical studies, espe-
cially when regarding the activation profile of CD25 indicating
the high dynamic properties of these cell line [3,4]. So, which trig-
gers lead to these transient regulatory functions? If the psychoneu-
Triggers of regulatory function. Med Hypotheses (2011), doi:10.1016/

http://dx.doi.org/10.1016/j.mehy.2011.09.024
mailto:adrianm.moser@hotmail.com
http://dx.doi.org/10.1016/j.mehy.2011.09.024
http://www.sciencedirect.com/science/journal/03069877
http://www.elsevier.com/locate/mehy
http://dx.doi.org/10.1016/j.mehy.2011.09.024
http://dx.doi.org/10.1016/j.mehy.2011.09.024


2 AM. Moser et al. / Medical Hypotheses xxx (2011) xxx–xxx
roendocrinological system such as acetylcholine, vitamin D, corti-
costeroid systems, and melatonin has some control over the im-
mune system, could it be that these signals lead to transient
regulatory function?

Vagus nerve as a potent real time immunoregulator

The autonomous nerve system plays a key role in the regulation
of the immune system. The first studies of Tracey and colleagues
showed the importance of acetylcholine in control of inflamma-
tion. Stimulation of the vagus nerve is inhibiting macrophages
through the cholinergic nicotine receptor, a7nAChR, suppressing
the release of pro-inflammatory cytokines, such as TNF, which
has routinely been used as a drug target for rheumatoid arthritis
and Crohn‘s disease [5,6]. Furthermore clinical studies of heart rate
variability showed correlations of low vagus activity with the dis-
ease severity of rheumatoid arthritis [7]. The implementation of
this mechanism is now highly discussed and nicotine therapy on
its way to therapeutically use, while Tracey discussed the possible
role of the nicotinic pathway in acupuncture, which has been
known since thousands of years [8].

Since vagus nerve stimulation can regulate the immune system
in real time, physiological stimulation should be considered as a
preventive strategy and treatment option, showing a link of life-
style and inflammatory diseases [5]. The role of Tregs in the cholin-
ergic anti-inflammatory pathway is rather unknown, since the only
study concerning this issue was conducted nearly 20 years ago be-
fore Tregs took a centre stage in immune regulation. Thereby nic-
otine induced a suppressive T cells population and may represent
the first link of a differentiation pathway to immunoregulatory
function [9].

‘‘Zeitgeber’’ as a link between endocrine- and autonomous
nerve system

Melatonin and its role in the circadian rhythm is well known
and evidence about the significance in immune-mediated diseases
and cancer is arising. Moreover, the immune-modulating role of
melatonin on T cell populations has been shown although no stud-
ies visualize the effect on Tregs indicating a future perspective of
research.

Melatonin itself has miscellaneous effects on the immune sys-
tem and also, interestingly, on cholinergic anti-inflammatory path-
ways, since Nishiyama and colleagues demonstrated that
melatonin administration increased vagal tone in healthy men
and elevated heart rate variability [10]. The link between melato-
nin and vagal activity is a direct and indirect, while melatonin in-
duces vagal activity, but also light inhibits melatonin production
and vagal activity via the ‘‘Zeitgeber’’, suprachiasmatic nucleus
[11]. This essential mechanism is even more interesting when
looking at vitamin D, which is produced in the skin during sunlight
exposure, thus inversely correlated. It could be hypothesized that
the common focus of these physiological immune-modulating
mechanisms is light [12]. Therefore it should be considered that
also natural Tregs follow a 24 h circadian rhythm of their regula-
tory function and number with the highest levels during night cor-
relating with high melatonin level and vagus activity [13].

Vitamin D: the key hormone for a sustainable health?

In the last few years we have been confronted with a huge wave
of published research articles regarding the role of vitamin D in
immunological disorders. It seems that this vitamin presents a ma-
jor link between the body and the environment. Regulatory func-
tion and other immunomodulatory effects of vitamin D such as
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induction of Tregs, production of IL-4, IL-10, decreasing cytotoxic-
ity, and IL-17 levels and furthermore elevated proliferation of mac-
rophages and production of the antimicrobial peptide cathelicidin,
has been shown [14]. The induction of FOXP3+ T cells might indi-
cate a central role in immunoregulation, reconsidering also the fact
that macrophages express the enzyme 1-a-hydroxylase, which
converts constitutively the inactive 25-hydroxyvitamin D3 into
the active state of 1, 25-dihydroxyvitamin D3 [15]. In sarcoidisis
the link between high vitamin D levels in blood of patients, hyper-
calciamia and high amount of FOXP3+ T cells in granulomas could
eventually show this pathway of activation between macrophages
and T cells [16,17]. Furthermore it has also been reported that
respiratory epithelial cells induce cathelicidin in a 1, 25-
dihydroxyvitamin D3 dependent manner and posses the potential
effects on host defense in the lung [15]. These findings are under-
lined by translational studies where patients with low levels of
vitamin D or vitamin D receptor polymorphisms were more sus-
ceptible to mycobacterial infections and showed even a more se-
vere course of the disease. Furthermore cathelicidin is known to
play an important role in the innate immunity. Could it be that
cathelicidin plays a vital role for pulmonary infections and further-
more may demonstrate the link between colonization versus
infection?

Animal models of vitamin D and autoimmune diseases show its
immunoregulative properties such as prevention of experimental
allergic encephalomyelitis or inhibition of cutaneous contact
hypersensitivity [14]. Epidemiological studies show that living at
higher latitude increases risk of autoimmune diseases, colon- and
others cancers, cardiovascular diseases, depression and impaired
lung function [12]. Although these correlations are of particular
importance, vitamin D supplementation studies showed incoher-
ent data and reflect the complexity of intervention in immunolog-
ical regulations. Recent studies on cardiovascular health and
vitamin D supplementation demonstrated no improvement of car-
diovascular risk factors in the intervention group [18]. The problem
of our time now is to find out how to implement these findings into
daily clinical work and to act in the sense of public health.
Glucocorticoids orchestrate Treg function

Since Professor Hench was awarded to Nobel Prize of Medicine
for the treatment of rheumatoid arthritis with glucocorticoids, this
treatment revolutionized our modern medicine and is now estab-
lished as the most effective anti-inflammatory treatment. How-
ever, molecular mechanisms of glucocorticoid resistance have
been reported and even the application of high steroid doses is
insufficient for treatment. In these patients vitamin D re-estab-
lished Treg function and secretion of IL-10 showing links between
those pathways [19]. Glucocorticoid treatment mediates its effect
through different anti-inflammatory pathways including the
induction of Tregs or restorement of Treg function [20]. These facts
that the glucocorticoid system and vitamin D act in such entangled
ways shows, that different anti-inflammatory pathways maintain
Treg function. This gets even more interesting when looking at
the circadian rhythm profile of the hormone system including glu-
cocorticoids, which is also controlled by the suprachiasmatic nu-
cleus and is reset on a daily basis by light inputs [21]. Therefore,
light plays again in both regulatory mechanisms a key role, since
sunlight induces vitamin D production and modulates glucocorti-
coid secretion.
Targeted infections: potential for treatment?

As mentioned above infections have a huge capacity in modu-
lating some autoimmune and allergic disorders. Hence, Tregs
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mediate immunoregulatory mechanisms, since it has been shown
that various autoimmune disease patients have impaired Treg
function which can be positively influenced by presence of hel-
minths such as Trichuis suis. Therefore, the complex relationship
between Tregs and especially the long-term presence of pathogens
is of the utmost interest. The number of immunocompromised pa-
tients is continuously raising and posses the risk of a re-activation
of long-term innocuous colonization to a potential life-threatening
disease. Indicating that Tregs posses Janus-faced properties [22].
This aspect should be taken into account, when discussing issues
where colonization versus infection is not fully elucidated includ-
ing for example the pathogenetic role of Candida species in the
lower respiratory tract. Therefore modern lifestyle and improved
sanitation is linked to immune-mediated diseases and the reduced
exposure to infectious agents. Tregs are again standing in the focus.

Tregs represent the latest trend in immunology, since they
show possibilities of regulating harmful actions of the immune
system and while maintaining peripheral tolerance. The induction
of Tregs is of huge interest regarding autoimmune and allergic dis-
eases, but also atherosclerosis and the maintenance of tolerance in
non-autoimmune diseases including infectious diseases. The dis-
cussed issues reveal on the one hand the plasticity of T cells gain-
ing regulatory functions and on the other hand mechanisms which
preserve and influence this plasticity. The exciting results that glu-
cocorticoids, vitamin D and obviously other stimuli as mentioned
induce Tregs and that these stimuli underly day- and year-round
rhythms with a common focus brings new insights of how to
implement these physiological pathways into daily clinical prac-
tice. Circadian rhythms as well as influences of hormones by sleep
and light exposure seems to be of the utmost importance regarding
disease management.

The scientific world is now highly interested in translational
and clinical approaches to contribute, not only to a better scientific
and academic understanding of the balance of the immune regula-
tions, but also to foster a holistic approach including population-
based health- and disease related determinants to set evidence
based priorities in terms of public health.
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