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Reduced daylight exposure and lower 
levels of regulatory T-cells during immune 
development: How and why there is a higher 
prevalence of allergy and autoimmunity at 
higher latitudes

Margaret S. Clark1,*

The Latitude Gradient of Allergy and Autoimmune Disease

Autoimmune diseases such as Multiple Sclerosis (MS), Rheumatoid Arthritis (RhA) and Type 
1 Diabetes (Diab T1) arise when the immune system mistakenly mounts an attack on self-tissue, 
resulting in damage and dysfunction. Allergy is an over-reaction of the immune system to an 
environmental allergen such as food or pollen, potentially resulting in a systemic inflammatory 
reaction affecting the airways or skin. Both autoimmune diseases and allergies have a latitudinal 
distribution, with higher prevalence in higher latitudes, that is towards the poles [1,2]. In the 
southern hemisphere, in Australia (latitude spread of 10°- 43°) and New Zealand (latitude 29°-
52°), the prevalence for MS for people who grew up in the southern zones of the countries 
is 2–3 times that for those who grew up in the north [3,4], Figure 1. Similarly, the risk for 
eczema is at least twice that for children in the south of Australia than for those in the north [5], 
whilst the rate of peanut allergy in 8–9-year-olds is six times higher in the south compared to 
the north [5], Figure 1. Rates of anaphylaxis were significantly higher in the south of Australia 
and Chile than the north [6,7]. In the United States, a latitudinal variation in the incidence of 
inflammatory bowel disease in women was observed with higher rates in the north [8]. A study of 

Abstract	
Both genetic and environmental factors contribute to the development of autoimmune disease 
and allergy. Increased disease prevalence is associated with living in higher latitudes, and decreased 
exposure to sunlight as a child. Whilst ultraviolet radiation has known anti-inflammatory properties, its 
ability to influence the development of immune tolerance during childhood years is not established. 
Regulatory T-cells (Tregs) play a major role in suppressing excessive immune reactions in both 
autoimmunity and allergy, and a reduction in Treg capacity can predispose an individual to disease. 
Levels of Tregs are highest at birth and remain high until puberty, with this being the time when the 
developing immune system is exposed to antigen and T-cells ‘learn’ what to react to. Circulation of 
Tregs and interaction with dendritic cells is controlled by the circadian light pattern via cortisol and 
intracellular circadian genes. Photoperiod and visible light intensity, which are reduced in winter at 
high latitudes, influence cortisol levels and circulation and production of Tregs. This review provides 
a model of the circadian mechanism whereby reduced light gives rise to reduced levels of Tregs and 
reduced interaction with antigen, which, during the critical developmental period, leads to a reduced 
pool of ‘trained’ Tregs. Examples from human and diurnal animal studies are provided. 
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nurses in the US demonstrated an association of higher prevalence 
of Rheumatoid Arthritis with decreased Ultraviolet (UV) exposure, 
occurring generally more in northern/higher latitudes where there is 
lower UV [9]. A study of boys in Australia who developed Type 1 
Diabetes by the age of 15 demonstrated that those who had lower 
UV exposure, generally in the more southern/higher latitudes, had 
a greater risk of disease [10]. These are just a few of many examples 
of the latitude gradient of disease, raising the question of how higher 
latitude predisposes to disease.

Association of Disease with Reduced Sunlight 
Exposure: Lack of Daylight, Not Vitamin D

It is generally agreed that the differences in prevalence and risk 
of disease at high and low latitudes is associated with the amount 
of sunlight that the person has been exposed to up until their early 

teens [4], with lower exposure associated with greater risk of disease 
[2]. However, there is an ongoing debate over the ‘type’ or frequency 
of wavelength of sunlight that is responsible for the phenomenon, 
and the mechanisms involved. The spectrum of sunlight that 
influences biological functions range from Ultraviolet (UV) A (320-
400 nm) & B (280-320 nm) through visible light (400-700 nm) to 
infrared radiation (>700 nm), Figure 2. Ultraviolet B radiation has 
been touted as the likely frequency of sunlight that is responsible for 
immune changes, originally due to its ability to produce previtamin 
D3, the precursor to vitamin D in the skin. Studies of associations 
of vitamin D levels and risk of allergy or autoimmune disease are 
common [11], but it is more likely that vitamin D levels are acting as 
a proxy for daylight exposure. Clinical trials of Vitamin D have not 
been consistently successful in treatment of autoimmune disease, 
and there are no clear mechanisms of how vitamin D deficiency in 

Figure 1. Latitude gradient of autoimmune disease and allergy in Australia and New Zealand, risk of autoimmune disease and allergy is greater in 
higher latitudes in the south.
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Figure 2. Light spectrum, with visible light wavelength ranging from 400-700nm.
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childhood leads to disease. That is, it has not been demonstrated 
that Vitamin D can directly alter populations and function of 
relevant immune cells to the extent that would confer predisposition 
to disease. It is now apparent that UV radiation can stimulate the 
production of an array of anti-inflammatory factors [12,13]. Direct 
UV has successfully been used to treat skin conditions due to its 
anti-inflammatory properties. T-helper 17 cells (Th17), an effector 
cell implicated in inflammatory and autoimmune conditions, are 
influenced by UV, as demonstrated in dermatological studies [14]. 
A study of healthy women in the south of Australia demonstrated 
an inverse correlation between number of hours spent outside and 
Th17 levels, suggesting Th17 decreases with short bursts of sunlight 
[15]. There is little known of how a lack of UV during childhood 
influences or primes the number or the function of effector immune 
cells which later contributes to disease onset. As the effect of UV on 
the immune system and inflammatory mediators has been discussed 
in other reviews [16] the focus of this paper will focus on the effect 
of visible light on immune development.

In regard to the link between decreased sunlight exposure in 
childhood and disease, the questions we were interested in were what 
type of sunlight are children not getting sufficient exposure to, and 
what aspect of the immune system is being primed or not being 
sufficiently developed over multiple years, to lay the foundation for 
lack of tolerance to self or allergens. To understand which frequency 
of solar radiation influences the development of the immune system 
prior to the onset of a condition, it is important to understand 
normal immune development including acquisition of immune 
tolerance. A deficiency in a normal developmental pathway would 
potentially provide a mechanism for disease predisposition. The 
scope of this review is to focus on the link between the visible light 
spectrum, circadian factors and regulatory T-cells, a major player 
in allergy and autoimmunity. The following sections provide an 
overview of regulatory T-cells, their circadian control and relevance 
to immune dysfunction.

Role of Regulatory T-cells in Disease

Regulatory T-cells, Tregs, recognize self-tissue and allergen and 
act to control or suppress excessive immune reactions. Tregs can 
employ various mechanisms against various immune players such 
as cell-to-cell interaction, release or inhibition of soluble mediators, 
or metabolic disturbance to reduce an immune reaction [17]. Tregs 
allow humans and other species to be ‘tolerant’ of our own tissue or 
innocuous stimulants. When Tregs are inadequate or their function 
goes awry, autoimmunity or allergy can arise. Indeed, lower levels 
of Tregs have been observed in young MS patients [18,19], other 

autoimmune diseases [20], in allergy [21–25] and are associated 
with disease severity in young RhA patients [26]. Lower Treg 
levels prior to, or in the early course of disease are of particular 
interest, as Treg levels may change with disease progression. Tregs 
have been demonstrated as being not only heterogeneous but 
highly plastic [17], and able to lose their regulatory ability in an 
inflammatory milieu. Altered Treg function has been observed in 
numerous autoimmune conditions, with the specific mechanism 
varying between conditions [27]. An animal model of dysfunctional 
FoxP3, the hallmark transcription factor of Tregs, results in ‘scurfy’, 
a severe autoimmune condition [28], and the human equivalent, 
immunodysregulation polyendocrinopathy enteropathy X-linked 
syndrome (IPEX syndrome) results in allergy and autoimmunity 
[17], illustrating the importance of Tregs to prevent autoimmune 
disease. A factor that reduces the normal production or circulation 
of Tregs would potentially predispose an individual to having a lower 
tolerance threshold and could possibly contribute to disease.

Early Life Development of Regulatory T-cells (Tregs): 
Influence of Light 

Naïve Tregs are produced in the thymus as early as during fetal 
development [29] and the levels in newborns remain at their highest 
levels of life for the next few months, [30–34], Figure 3. By the first-
year levels decrease slightly and then plateau until puberty [35,36]. 
After puberty there is a moderate decline in levels [35]. Interestingly, 
the output of new cells from the thymus is associated with the month 
of birth according to season [37], indicating that light exposure to 
the mother influences the production of new T-cells of the fetus. In 
relation to this there are reports of the month of birth being linked 
to higher risk of developing certain autoimmune diseases [38]. The 
critical period for naïve T-regs to recognize their cognate antigen and 
transition to memory Tregs is during infancy and childhood, when 
they are at their highest levels. If Tregs are not exposed to self or 
foreign antigen during this period, the potential to stop an unwanted 
reaction later in life will be reduced. 

Evidence of Seasonal Variation in Circulation of Tregs 
from Human Studies

The circulation of Tregs through the body occurs in a circadian 
rhythm [39]. Tregs begin to egress from the lymph nodes, the 
thymus and bone marrow out into the peripheral blood system from 
late morning, with levels increasing during the day and evening 
with highest levels being in the early hours of the morning around 2 
AM, Figure 4. The timing and degree of circulation of Tregs varies 
according to the light-dark photoperiod which changes according 

Figure 3. Change in %Treg during childhood and adolescence. Treg levels are highest around birth, and the first year, plateauing until puberty, after 
which the levels decrease.
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to the season, with the greatest change being at the highest latitudes 
[2]. It was demonstrated that the evening circulation of T-regulatory 
cells was lower in winter compared to summer in pubescent girls 
and their mothers who lived at a moderately high latitude at the 
southern tip of Australia, where the daylight length is six hours less 
in winter than in summer [15]. In England, it was demonstrated that 
the morning levels of T-regulatory cells are lowest mid-winter and 
highest in summer in adult males and were associated with cortisol 
levels [40]. Studies in Scotland and Austria also demonstrated higher 
Tregs during summer months compared to winter, and this was 
independent of Vitamin D [41,42]. The results from these studies 
combined indicate that in the short daylengths of winter, there are 
lower levels of Tregs circulating in the body during the day and 
early evening compared to summer, where the longer daylengths 
result in higher levels of circulating Tregs, Figure 4. This decrease 
in circulation of Treg cells in winter in children during the critical 
developmental period has implications for regulating the immune 
system either against allergens as a child, or against self-tissue later 
in life.

Circadian Rhythm Controlled by Cortisol via HPA and 
Cellular Clocks

Treg migration out of lymph nodes, the thymus and bone 
marrow into the blood system is dependent on the circulating 
levels of cortisol, a circadian hormone [43–46]. In addition to 

having a circadian rhythm, cortisol has been demonstrated to have 
a circannual production profile, with concentrations being higher 
in winter than summer, with levels increasing with latitude, Figure 
5. In Australia’s mainland, it was demonstrated that residents living 
above latitude 25° have higher cortisol levels in winter than summer, 
and those living in the most southern state (highest latitude) have 
the highest levels of cortisol in winter and summer [47]. Studies 
of seasonal cortisol levels at similar or higher latitudes in Israel, 
England and Sweden also demonstrate that the disparity in levels 
between summer and winter increases with increasing latitude [48]. 
This disparity provides a potential explanation of why there is a 
seasonal difference in circulating Treg levels. The following describes 
how light and cortisol control circadian clock genes which regulate 
circulation of T-cells. 

Cortisol production is regulated by light via the Hypothalamic 
Pituitary Adrenal (HPA) Axis, Figure 6. Light entering the eye 
activates the Supra chiasmic nucleus (SCN), which in turn activates 
the HPA axis which results in the production of cortisol from the 
adrenal glands. Cortisol exerts its effect on immune cells, such as 
Tregs, via corticoid receptors which activate internal cellular clock 
genes such as ‘Clock’ (Circadian locomotor output cycles kaput) 
and Bmal1 (Brain muscle ARNT like 1). The genes operate in a 
negative feedback loop, whereby increased levels of circulating 
hormones will cause downregulation of the genes via expression of 

Figure 4. Circadian and seasonal pattern of Tregs. Tregs circulate in a circadian rhythm, with levels lower in the short daylight photoperiod in winter 
compared to summer.

Figure 5. Circadian and seasonal rhythm of cortisol. Cortisol has a circadian rhythm and a circannual rhythm which varies with latitude. Morning 
cortisol levels are higher in winter and at higher latitudes.
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the heterodimers Per ½ (period) and Cry ½ (Cryptochrome). These 
circadian genes have been demonstrated to influence the circadian 
timing of transcriptional programs related to migration receptor 
expression [49,50] which will be explained in more detail below. 
Interestingly, circadian regulation has also been shown to be involved 
in T-cell differentiation of CD4+ cells toward Th1, Th2, Th17, the 
effector T-cells implicated in autoimmunity, or Tregs via circadian 
genes such as Per 1 & 2 [51]. Mechanisms of light based circadian 
immune control involve signaling cascades including mTOR/Akt 
and RORyt/Nfil3 pathways [50].

Control of Circadian Treg Circulation via Migration 
Receptors

Cortisol influences the migration of Tregs via their expression of 
chemokine receptors CCR7 and L-selectin (CD62L) [52–54] which 
facilitate homing to locations where the corresponding chemicals 
such as CCL21 are being produced [55–57]. 

Cortisol and glucocorticoid receptor activation influences Treg 
migration to the bone marrow via the expression of the receptor 
CXCR4 [58]. Mineralo-corticoid receptor signaling (which binds 
aldosterone) reduces numbers of circulating human naïve T cells and 
increases their CD62L, CCR7, and CXCR4 expression, [45,55–57]. 
CCR6 also plays a role in Treg migration to sites of an immune 
response [59].

To egress out of the lymph nodes, CCR7 and L-selectin expression 
is reduced, whilst the  sphingosine-1-phosphate (S1P) receptor 
R1  responds to S1P, allowing extravasation into the  lymph and 
blood [60]. Overall, there are multiple receptors and avenues for 

Tregs to ‘home’ to various locations, with this being mostly driven 
by cortisol levels activating internal cellular clock genes with the 
resulting circadian expression of chemokines and their receptors.

Production of New Tregs from the Thymus is 
Dependent on Treg Egress and Migration (via 
Circadian Light Pattern) via a Feedback Mechanism

Circulation of Tregs out of the thymus and into the blood 
circulation is closely linked to the production of naïve Tregs in the 
thymus in that greater circulation of Tregs out of the thymus enables 
the production of Tregs. Decreased migration of Tregs out of the 
thymus results Tregs residing for longer in the thymus resulting a 
negative feedback loop whereby Treg production is slowed down, and 
fewer new Tregs exiting the thymus [61]. From this we can surmise 
that the retention of Tregs in the thymus and lower production 
of nascent Tregs is probably occurring more in winter due to the 
reduced circulation associated with short day lengths. The level of 
T-cell receptor DNA excision circles (TREC) in blood, which are 
produced during the construction of the variant T-cell receptors, has 
been used as a method to determine the level of production of naïve 
T-cells [62]. Evidence using this technique suggests that more Tregs 
are produced in newborns after summer [37].

Maintenance of Tregs is Dependent on Circulation 
and Interaction with Dendritic Cells

Tregs constitute up to 50 billion cells of the T-cell compartment 
[63]. A reduction of 50% of cells during the daytime in winter, as 
observed in European studies (see above) could amount to at least 
20 billion fewer cells in circulation. This has implications in terms 
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Figure 6. HPA Axis, activation of Treg intracellular circadian genes, and migration receptors. Visible sunlight stimulates the Supra-chiasmic Nucleus 
which in turn stimulates the hypothalamus to secrete corticotropin-releasing hormone which acts on the pituitary gland to release adrenocorticotropic 
hormone, which stimulates the adrenal gland to release cortisol. Cortisol interacts with its receptors which in turn activate internal circadian genes 
such as ‘CLOCK’ and ‘BMAL’ which control the expression of migration receptors. Migration receptors interact with chemokines to allow the egress 
and return migration of Tregs.
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of Tregs exposure to antigen, transition to memory cells, division 
and maintenance. Tregs are in a constant state of turnover, and 
turnover is dependent on interaction with dendritic cells, which 
also demonstrate a circadian pattern. It is estimated that up to 
5000 T-cells can interact with one dendritic cell per hour [64] 
reflecting the high number of interactions that T-cells perform to 
maintain immune homeostasis. Dendritic cells are highly necessary 
to maintain peripheral Treg populations, as Treg numbers and 
function depend on constant recognition of the vast array of cognate 
autoantigens [65]. Therefore, reduced circulation of Tregs in winter 
results in fewer interactions with dendritic cells leading to fewer 
functional Tregs.

Evidence of the Effect of Photoperiod on Immune 
Circulation and Response from Animal Studies

Animal studies provide evidence that the effect of reduced daylight 
on the levels of circulating immune cells is due to visible light alone 
and not ultraviolet light. A study of the photoperiod on the levels of 
circulating T-cells in pigs, whereby UV was eliminated, demonstrated 
a reduction in circulating cells in the shorter daylengths, as occurs 
in winter [66]. Multiple studies examining the difference in immune 
response according to photoperiod demonstrated higher responses 
in winter, presumably due to decreased suppression of the immune 
system [67–71]. The involvement of circannual hormones other 
than cortisol on the number and efficacy of the immune system has 
also been elucidated [72,73].

Duration and Intensity of Light is Important

The finding of seasonal daylength differences in Treg numbers 
and function is primarily linked to the length of the daylight period 
causing the downstream activation of cellular clocks and migration 
of Tregs, via the HPA axis. However, duration of light is not the 
only factor. The intensity of visible light spectrum also influences 
the circadian rhythm. Higher intensity of light, for example over 
10,000 lumens, has a greater effect on the circadian rhythm [74] and 
on cortisol levels [75] than lower levels. In the natural environment, 
exposure to bright sunny days, which have an intensity of over 
100,000 lux, results in a stronger circadian rhythm which in turn 
has greater effect on the circulation of immune cells. Bright days 
usually have a higher UV index, so immune effects that are thought 
to be due to UV may in fact be due to the effects of brighter light 
on the circadian circulation of immune cells. The intensity of light 
certainly varies with the season. Not only are winter days short, but 
they are grey with lower intensity of light and lower stimulation of 
the SCN, and a reduced cascade of mediators resulting in a weaker 
activation of the cellular clock, and subsequent reduced migration 
of T-cells. Similarly, the brightness, or number of lumens in an 
indoor office or home is around 400 lux which is not conducive to a 
healthy circadian rhythm and immune profile. Indeed, the increase 
in autoimmunity and allergy prevalence at all latitudes is suggested 
to be associated with reduced time spent outdoors. The lack of 
adequate light intensity exposure would explain this in part.

Model of Decreased Duration and Intensity of 
Sunlight Resulting in Fewer Tregs

The sections above describe evidence supporting how seasonal 
variation in duration and intensity of sunlight affect circadian 
hormones which in turn result in in altered expression of cellular 
clock genes, reduced migration receptors, reduced circulating Tregs 

and reduced production of naïve Tregs. Fewer Tregs in circulation at 
the critical age of Treg ‘training’ would result in reduced exposure 
of Tregs to antigen or allergen, fewer memory Tregs, and overall 
fewer Tregs to intervene and suppress excessive immune reactions. 
In children living in high latitudes, with short winter day lengths, 
reduced levels of circulating naive T-regs over multiple winters 
results in fewer Tregs being exposed to antigen and trained, and fewer 
memory T-regs overall, potentially resulting in reduced suppressive 
capacity.

Seasonal Daylight is the Most Significant Factor 

To date, there has not been a plausible explanation of how living 
in a high latitude during childhood primes the immune system 
to be less tolerant. Lower levels of regulatory T-cells have been 
associated with predisposition to autoimmunity and allergy. This 
paper has provided a comprehensive explanation of how short 
and long photoperiods, and light intensity, affect circadian factors 
which in turn control the number of Tregs in circulation. The visible 
light spectrum is the most likely factor that is influencing Treg 
numbers in utero and early life and is a major environmental factor 
in explaining the latitudinal difference in disease prevalence. The 
immune system is incredibly complex and there are multiple factors 
at play in developing predisposition to disease. Ultraviolet radiation 
of the skin has an effect on inflammatory mediators however it is 
yet to be established how cumulative years of reduced UV exposure 
influences the level and function of memory regulatory and effector 
T-cells and other disease related immune factors. Growing up in 
a high latitude with reduced winter daylengths and light intensity 
affects Treg circulation and production and the development of a 
tolerant immune system, thereby contributing to the predisposition 
to autoimmunity and allergy.
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