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Abstract

The immune system is a complex and sophisticated network of specialized tissues, organs, cells, proteins, and
chemicals which has evolved in order to protect the host from a range of dangerous agents such as bacteria, virus,
fungi, and parasites. There is a close relationship between nutritional status and immune function. Hence,
immunocompetence can be regarded as a measure of adequate nutrition. Inter-individual variations in many immune
functions exist within the normal healthy population and are due to age, genetics, gender, ethnic background, socio-
economic situation, diet, stress, habitual levels of exercise, alcohol consumption, smoking habits, etc. In addition,
seasonal and temperature changes as well as being in crowded spaces (e.g., while commuting in public means of
transportation, or working in open space offices) pose an additional burden on the immune system.

Among the essential micronutrients required to support a normal immune function, vitamin C, vitamin D and the
mineral zinc play a central role. Through their complementary and synergistic effects, they support components of
both innate and adaptive immunity which comprise epithelial barriers, cellular defense and antibodies constituting
the three main lines of immune defense. Furthermore, vitamin C, D and zinc are actively used by cells of the
immune system engaged in fighting infections like upper respiratory tract infections and a state of micronutrient
deficiency can arise during severe infections.

Here we review the literature on the immune supportive properties of vitamins C, D and zinc and the impact of
their supplementation in reducing the incidence or ameliorating symptoms of upper respiratory tract infections, which
are among the most common infections in humans. Finally, we discuss their relevance in situations known to
challenge the immune system such as exposure to temperature changes, to pollutants, or being in crowded spaces
which serve as mixers where pathogens can stay suspended and transfer from host to host thereby increasing the
risk of spreading infectious diseases because of close contact and long exposure.

Keywords: Vitamins C, D; Trace elements zinc; Effects on immune
response; Nutrient deficiency; Supplementation

Introduction
Every second of our lives, during day and night, immune defenses

are constantly protecting the human body against attack and invasion
by external pathogens such as fungi, bacteria, viruses but also against
internal threats such as humoral proliferation. Over millions of years
the human immune system (i.e., our defense arsenal) has co-evolved to
meet various attackers and now ranges from simple physical barriers
(skin, mucosa) to sophisticated cells as well as biological, chemical and
nuclear weapons (antibodies, cytokines and free radicals respectively).
Despite this complexity, the immune system can be described for
educational purposes as consisting of three main layers, i.e., epithelial
barriers (e.g., skin, mucosa); cellular defenses and humoral responses
such as antibody production [1-3].

Inter-individual variations in many immune functions exist within
the normal healthy population and are due to genetics, age, gender,
ethnic background, smoking habits, socio-economic situation [4],
habitual levels of exercise, alcohol consumption, diet, stage in the
female menstrual cycle, stress, etc. [5]. Immune cells, like other cell
types, need to be fed: they require adequate supply of energy,
macronutrients and micronutrients serving as cofactors in the
development, maintenance and expression of the immune response.
The contribution of the diet to immune function has become widely
appreciated and the influence of various dietary components on
specific aspects of immune function has been extensively reviewed
[2,6,7]. It is now generally recognized that the nutritional status of a
person modulates his or her immunity and in fact,
immunocompetence can be regarded as a measure of adequate
nutrition. In addition to macronutrients including amino acids, fatty
acids, nucleotides, gangliosides or other dietary components such as
probiotics, also an adequate and regular supply of essential vitamins
and minerals (including trace elements) is required to maintain proper
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immune function and can hence contribute to disease prevention and
overall health.

When it comes to micronutrients, especially vitamins C and D as
well as zinc play key roles in immune function. Vitamin C is a cofactor
for several enzymes involved in the biosynthesis of collagen, carnitine,
and neurotransmitters; it’s a water-soluble antioxidant and enhances
gastrointestinal absorption of dietary non-heme iron. Marginal
deficiency results in fatigue, lack of well-being, poor concentration
whereas severe deficiency will cause weakening of collagenous
structures, causing tooth loss, joint pains, bone and connective tissue
disorders (e.g., impaired bone growth and disturbed ossification), poor
wound healing and a compromised overall immunity [2,8]. Vitamin D
(calciferol) is a fat-soluble vitamin. The classical biological function of
vitamin D is mediated through its metabolites and is to maintain
calcium and phosphorous homeostasis by regulating the intestinal
absorption of these nutrients and thus being essential for bone
formation and resorption. Evidence showing that activated
macrophages are also able to produce the vitamin D metabolite 1,25-
dihydroxy vitamin D (1,25 (OH)2D) and the presence of vitamin D
receptors (VDR) on immune system cells, indicate important roles for
1,25-(OH)2D in modulating immune response, immune cell
differentiation, and cell proliferation. Vitamin D3 is the naturally
occurring form of vitamin D in humans. The dietary absence of
vitamin D and/or a lack of adequate exposure to sunlight result in
vitamin D deficiency characterized by inadequate mineralization or
demineralization of the skeleton [9]. Zinc is required in numerous
transcription factors and enzymes, it plays a central role in cellular
differentiation and proliferation and its deficiency causes growth
retardation, skin changes, impaired immune response, increased
susceptibility to infections, delayed wound healing, abnormal dark
adaptation, delayed sexual maturation, and impaired fertility [10,11].

While multiple factors determine whether an individual will
become sick or not, the immune system remains the first line of
defense against all external pathogens and noxious insults. It is
therefore of utmost importance to adequately feed the immune system
by providing those micronutrients needed to ensure proper
functioning. This article will illustrate how vitamins C, D and the trace
element zinc, work in synergy to support the three main layers of the
immune system such as epithelial barriers, cellular response and
antibody production. It will briefly review their roles in upper
respiratory tract infections and their relevance in situations known to
challenge the immune system such as exposure to temperature
changes, to pollutants, or being in crowded spaces.

Immune Function and Upper Respiratory Tract
Infections

Vitamin C: The immune-enhancing roles of vitamin C are well
established [12,13]. Vitamin C regulates the immune system because of
its antioxidant properties and its role in collagen synthesis required for
stabilization of epithelial barriers. Additionally, it impacts phagocytic
function and has an immunostimulant effect on lymphocyte cells [14].
Vitamin C is highly concentrated in leukocytes and is used rapidly
during infection [15,16]. In fact, it has been defined as a stimulant of
leukocyte functions, especially of neutrophil and monocyte movement
[14,17]. Recently, neutrophil motility has been proposed as a possible
marker of vitamin C requirements underlying the intimate connection
between vitamin C and immunity [18].

High vitamin C levels in neutrophils are necessary to counteract the
extremely high levels of oxidative stress to which they are exposed
following Reactive Oxygen Species (ROS) production [12,17,19]. ROS
are generated during the respiratory burst to kill pathogens and are
elevated in the inflammatory response. The oxidant-antioxidant
balance is an important determinant of immune function and immune
cells are particularly sensitive to changes in this balance because of the
higher percentage of polyunsaturated fatty acids in their plasma
membranes [20]. Oxidative damage can lead to a loss of membrane
integrity, altered membrane fluidity and result in alterations in the
transmission of signals both within and between different immune
cells [21].

Large doses of vitamin C are able to markedly lower blood
histamine levels and this reduction was inversely related to leukocyte
chemotaxis [22,23]. Vitamin C stimulated interferon production in
vitro when incubated with cultured mouse cells and in vivo when
administered to mice [24]. Some evidence is available suggesting that
ascorbic acid may have antiviral activity in humans [25-27]. Vitamin C
deficiency is associated with a decreased resistance to disease, while
high supplemental intakes can stimulate phagocytic and T-
lymphocytic activities [28,29]. Finally, vitamin C may play a significant
role in the regulation of the inflammatory response [30,31].

Based on its immune-stimulating properties [15], vitamin C was
postulated to be effective in ameliorating symptoms of upper
respiratory tract infections, especially the common cold. Further,
plasma and leukocyte vitamin C concentrations fall rapidly with the
onset of the infection and return to normal with the amelioration of
the symptoms suggesting that vitamin C could be beneficial for the
recovery process [32]. Indeed, a review of the large numbers of studies
on a potential effect of vitamin C on the common cold and respiratory
infections concluded that administration of >1 g/day had a small but
not consistent effect on the incidence of common colds, but
consistently supported a moderate benefit on duration and severity of
symptoms which may also be of economic advantage [33].

More recently, the Cochrane Library review on vitamin C and the
common cold [34] concluded that regular supplementation with
vitamin C (0.25 to 2 grams/day) did not reduce the occurrence of the
common cold in the general population, but it did reduce it in
individuals undergoing heavy physical stress, such as marathon
runners, skiers, soldiers in subarctic conditions, and individuals with
marginal vitamin C status. Prophylactic supplementation with vitamin
C reduced the duration of the common cold in both children (14%
reduction) and adults (8% reduction). The severity of colds was also
reduced by regular vitamin C administration. However, this was not
seen in the few therapeutic trials carried out so far. Nevertheless, the
authors concluded that given the consistent effect of vitamin C on the
duration and severity of colds in the regular supplementation studies,
and the low cost and safety, it may be worthwhile for common cold
patients to test on an individual basis whether therapeutic vitamin C is
beneficial for them [34]. Finally, the relation of the vitamin C dose to
benefit needs further exploration and it is important to note that none
of the studies analyzed in the Cochrane reviews took into account
subjects’ dietary intake or status of vitamin C.

In this context, it is important to mention a recent randomized,
double-blind trial study showing that daily supplements of vitamin C
both boosted activity levels and reduced incidence of common cold in
young males pre-selected based on their vitamin C levels. The study
included subjects with adequate-to-low vitamin C status <45 μmol/L
(i.e., marginal deficiency) who completed validated questionnaires
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assessing upper respiratory infections and exercise / physical activity
respectively. Following intake of 1000 mg vitamin C, the physical
activity score rose by 39.6% versus placebo. During the eight-week
trial, the number of participants reporting cold indicated a 55% risk
reduction for vitamin C versus placebo. Furthermore, cold duration
was reduced by 59% in the vitamin C versus the placebo group. This
study therefore confirmed the ability of vitamin C to ameliorate cold
symptoms but showed that in terms of cold prevention, vitamin C is
efficacious in subjects with sub-optimal levels of this vitamin. In these
individuals the immune benefits go hand in hand with improved
physical activity levels [35].

A comprehensive overview of vitamin C and infections has been
recently published by Hemilä [8] who carefully evaluated the totality of
the vitamin C literature including next to new publications also older
papers as well as experimental data. From a large series of animal
studies Hemilä concludes that vitamin C plays a role in preventing,
shortening and alleviating diverse infections beyond cold and
respiratory tract infections. According to the author, it seems evident
that vitamin C has similar effects in humans. For example, five
controlled trials found significant effects of vitamin C against
pneumonia and preliminary evidence is available that vitamin C may
have effects also on other infections.

Vitamin D: Initial evidence supporting an immunostimulant role for
vitamin D came from early reports about the use of cod liver oil in the
treatment of tuberculosis. In the meantime, a number of reviews have
shown that vitamin D and especially 1,25(OH)2D are potent
immunomodulators [9,36,37]. 1,25(OH)2D is required to enhance the
antimicrobial effects of immune cells such as macrophages and
monocytes, needed to fight pathogens such as Mycobacterium
tuberculosis. The effects of vitamin D are multiple and include
enhancement of chemotaxis and phagocytic capabilities of innate
immune cells along with the activation of the transcription of
antimicrobial peptides (e.g., defensin β2 and cathelicidin) achieved by
the complex of 1,25(OH)2D, VDR, and retinoid X receptor [38]. In
response to infections there is an upregulation of human cathelicidin
(hCAP18) (cleaved from LL-37) which results in a destabilization of
microbial membranes thereby acting against bacteria, viruses and
fungi and helping fight infections [39,40].

Besides fighting directly against microbes, cells of the innate
immune system such as Dendritic Cells (DCs), are subject to the
immune modulatory effects of vitamin D. Innate antgen presenting
cells (APC) trigger the initiation of the adaptive immune response by
presenting antigens to T cells and B cells and influence their activity by
immunogenic or tolerogenic signals such as cytokines [41,42]. Again,
it’s via cytokine modulation (such as IL-2, IL-6, IL-10, IL-12, IL-17)
that 1,25(OH)2D can modify both the function and morphology of
DC to induce a more tolerogenic state which in turn results into an
overall induction of regulatory T cells important for controlling overall
immune responses and the development of autoreactivity [43].

When it comes to adaptive immunity, both T and B cells express the
nuclear VDR as well as vitamin D-activating enzymes [44].
Particularly, VDR expression by these cells increases from very low in
resting conditions to high levels upon activation and proliferation,
enabling regulation of up to 500 vitamin D responsive genes [45-47].

In B cells, 1,25(OH)2D inhibits differentiation, proliferation,
initiation of apoptosis and decreases immunoglobulin production via
mediation of T helper (Th) cells [45]. In addition, 1,25(OH)2D has
direct effects of on B cell homoeostasis, encompassing inhibition of

memory- and plasma-cell generation, promotion of apoptosis of
antibody-producing B cells [47]. This control on B cell activation and
proliferation is of clinical importance in autoimmune diseases where B
cells producing autoreactive antibodies play a major role in the
pathophysiology of autoimmune diseases [37].

T cells are also an important target for the immunomodulatory
effects of vitamin D. Again, both direct and indirect mechanisms allow
vitamin D to influence T cell function. The direct effects include:
intracrine conversion of 25-hydroxy vitamin D (25(OH)D) to
1,25(OH)2D by T cells, and paracrine effects of 1,25(OH)2D on T cells
following conversion of 25(OH)D to 1,25(OH)2D by monocytes
and/or DC. The indirect effects on antigen presentation to T cells are
mediated via localized APC affected by 1,25(OH)2D [37]. Vitamin D
exposure leads overall to a shift from a proinflammatory to a more
tolerogenic immune status, including impacting on T cell subtypes. For
example, 1,25(OH)2D suppresses T helper (Th) cell proliferation,
differentiation and modulates their cytokine production [48].

As mentioned previously, 1,25(OH)2D stimulates the expression of
anti-microbial peptides, synthesized in neutrophils, monocytes,
Natural Killer (NK) cells but also in epithelial cells lining the
respiratory tract where they are crucial in protecting the lung from
infection [38,49-51]. One of the reasons why influenza occurs in the
winter season in tepid climates has long thought to be linked to the
skin inability to synthesize sufficient amounts of vitamin D thereby
promoting and enhancing the infectivity of the influenza virus [52].
Indeed, vitamin D status has an effect on the ability of the host to fight
infections as shown by many observational studies where low serum
25-OHD levels were associated with an increased risk of respiratory
infections in adults, as well as in risk groups such as elderly, children
and infants [10,53-55].

So far not all interventional trials have been able to confirm benefits
of vitamin D supplementation on incidence and severity of upper
respiratory tract infections e.g., [56]. However, a number of systematic
reviews and meta-analyses concluded positively on the benefits of
vitamin D supplementation in this area. In 2009 Yamshchikov et al.
[57] conducted a systematic review on vitamin D and its use for
treatment and prevention of infectious diseases. According to this
review the strongest evidence for the effectiveness of vitamin D in
prevention or treatment of infectious diseases was for the reduction of
risk of acute respiratory illness and influenza. In 2012, Charan et al.
[58] evaluated clinical trials reporting as an outcome events of
respiratory tract infections. They found that events of respiratory tract
infections were significantly lower in vitamin D group as compared to
control group (OR=0.582 (0.417-0.812) P=0.001). The authors
concluded that vitamin D supplementation decreased the events
related to respiratory tract infections. Bergman et al. [59] included 11
placebo-controlled studies of over 5’500 patients in their 2013 meta-
analysis. They found that overall, vitamin D showed a protective effect
against respiratory tract infections (OR, 0.64; 95% CI, 0.49 to 0.84).
They also reported significant heterogeneity among studies but found
that the protective effect was larger in studies using once-daily dosing
compared to bolus doses (OR=0.51 vs OR=0.86, p=0.01).

Finally, a systematic review and meta-analysis of individual
participant data from randomized controlled studies was published in
2016 [60] and identified 25 eligible trials with a total of 11’321
participants (aged 0 to 95 years). Overall, vitamin D supplementation
reduced the risk of acute respiratory tract infection among all
participants by 12%. In subgroup analysis, protective effects were seen
in those receiving daily or weekly vitamin D without additional bolus
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doses. Among those receiving daily or weekly vitamin D, protective
effects were stronger in those with baseline 25(OH)D levels <25
nmol/L than in those with baseline 25(OH)D levels ≥ 25 nmol/L. The
authors concluded that vitamin D supplementation was safe and it
protected against acute respiratory tract infection overall. Especially
subjects who were vitamin D deficient and those receiving regular
supplementation experienced the strongest benefit. The most common
respiratory tract infection is the common cold, but others include
bronchitis, pneumonia, and infections of the sinuses or ears. At least
70% of the population gets one or more respiratory infection in any
given year [60].

Zinc: The immune-related functions of zinc have been reviewed
recently [61-63]. Zinc is considered key for optimal functioning of
both innate and acquired immunity and impaired immune functions
due to inadequate zinc status may be the most common cause of
secondary immunodeficiency in humans [64]. Zinc deficiency impairs
cellular mediators of innate immunity such as phagocytosis of
macrophages and neutrophils, NK cell activity, generation of the
oxidative burst and complement activity [65-69]. Deficiency further
causes thymus involution [70,71] and zinc is required for the activity of
thymulin [72], a hormone involved in T cell differentiation and
enhancement of T and NK cell actions [73]. Zinc deficiency further
depresses lymphocyte proliferation, Th1 cytokines production (IL-2
and interferon-γ), and leads to a Th1/Th2 imbalance [74-76], Delayed
Type Hypersensitivity (DTH) skin responses and antibody response to
T-cell dependent antigens. Zinc homeostasis influences development
and function of immune cells (particularly T cells) [66,75,76] activity
of stress-related and antioxidant proteins and helps to maintain
genomic integrity and stability. In addition to its effects on cell-
mediated immunity, zinc is also an anti-inflammatory and antioxidant
agent [63,77].

Among the latest developments in zinc biochemistry is zinc’s
molecular role as a second messenger in immune cells [61]. A growing
number of signaling pathways were discovered to involve zinc signals,
including activation of T cells by their T cell receptor and by the
cytokine interleukin IL-2, the major stimulus for T cell proliferation
once they have been activated. Furthermore, zinc signals occur in
response to activation of immune cells via one type of antibody-
binding receptors, so-called Fce receptors, on their surface, and after
triggering of pattern recognition receptors. The latter are
predominantly found on cells of the innate immune system.

Worldwide, zinc deficiency is an important public health problem
affecting 2 billion people. It is estimated that a considerable proportion
even of the western population is at risk of marginal zinc deficiency.
Low consumption in foods rich in bioavailable zinc such as meat,

particularly read meat, and high consumption of foods rich in
inhibitors of zinc absorption, such as phytate, certain dietary fibers and
calcium, cause zinc deficiencies [78,79]. Many of the alterations
observed in zinc deficiency are considered to be important
contributors to the increased susceptibility to infections, especially for
children and the elderly. Already mild zinc deficiency has a negative
impact on immune function, leading to recurrent infections that in
turn are a cause of zinc deficiency due to zinc redistribution from
plasma to intracellular sites and increased urinary losses [80]. In
children, low concentrations of circulating zinc are associated with an
increased risk of respiratory tract morbidity. Zinc supplementation
reduces both the risk and duration of pneumonia in children and is
also beneficial in the management of infantile diarrhea [10,12,81]. Zinc
supplementation to maintain a normal serum concentration may help
to reduce the mean incidence of infections (i.e., common cold, cold
sores and flu) [81] as well as the incidence of pneumonia and
associated morbidity in the elderly [82]. It has been reported that
adequate zinc supply could prevent age-related diseases in the elderly
such as cancer, atherosclerosis, dementia, Alzheimer’s disease, etc.
[77,83,84].

When it comes to the common cold, zinc salts have been found to
inhibit rhinovirus replication in vitro [85] and it has been suggested
that zinc salts may protect plasma membranes against lysis by
cytotoxic agents, such as microbial toxins and components of activated
complement [86]. However, analysis of trials conducted between 1984
and 2000 investigating the role of zinc for the common cold symptoms
yielded mixed results in terms of efficacy [86,87]. Inadequate treatment
masking, reduced bioavailability of zinc from some formulations and
overall dose have been cited as possible influencers of the results
[12,88].

Hemilä analyzed a subset of the Cochrane studies consisting of 13
placebo controlled trials using exclusively zinc lozenges [88]. This
analysis considered both the type of zinc salts as well as the total
amount of zinc used. Five of the trials used a total daily zinc dose of
less than 75 mg and uniformly found no effect. Three trials used zinc
acetate in daily doses of over 75 mg and the pooled results indicate a
42% reduction in the duration of colds. Five trials used zinc salts other
than acetate in daily doses of over 75 mg and again the pooled results
show a 20% reduction in the duration of colds. Therefore, both the
type of salts used and especially the dose of zinc in the lozenges impact
benefits related to common cold. These findings help to explain the
mixed results observed in older reviews.

The synergistic roles of vitamin C, vitamin D and zinc in immune
functions are summarized in Table 1.

Defense Vitamin C Vitamin D Zinc

Skin and mucosal barriers Collagen synthesis (improved strength) Proliferation / maturation of
keratinocytes

Cellular proliferation (thickness
maintenance)

Formation of permeability barrier in the
skin

Neutrophils, Monocytes, Macrophages Protection of neutrophils against ROS-
induced damage

Improved chemotaxis and phagocytic
capabilities

Deficiency impairs phagocytosis

Improved motility and chemotaxis
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Enhanced killing Production of antimicrobial proteins
(defensin β2, cathelicidin)

Overall improvement of phagocytosis

Antigen Presenting Cells Cytokine modulation

Promotion of more toleragenic state

Induction of regulatory T-cells

B-Lymphocytes and T-lymphocytes Proliferation Control of B-cell activation and
proliferation, of clinical importance for
autoimmune diseases

Proliferation of stem cells

Direct and indirect effects on T-cells Proliferation and appropriate response

Cytokine

modulation

B and T-cell differentiation

Shift from pro-inflammatory to a more
tolerogenic status

B and T-cell interaction

Balance of Th1 and Th2

Antibody production by B-cells

Destruction of infected tissue cells and
tumors

Interferon Production enhanced

Table 1: Synergistic roles of vitamin C, vitamin D and zinc in body defense [2].

Factors and Situations Challenging the Immune System
Immune function is influenced by age as well genetic and a number

lifestyle and environmental factors (Figure 1).

Age has an important influence on the immune system [89-91]. The
fetal immune system develops in a sterile and protected environment
and therefore lacks antigenic experience. It must also be modulated in
order to co-exist with the mother's immune system. At birth newborns
initially have an immunological milieu skewed towards Th2 immunity
[92,93]. Soon after birth, the newborn is exposed to the "hostile world"
of bacteria, viruses, fungi, and parasites, and must immediately defend
itself. During this period, the newborn relies on innate systems of
immune defense (evolutionary conserved and lacking memory) and
passive protection (maternal colostrum and milk, maternal
antibodies). The immunologic competence of the neonate progresses
rapidly in the first months of life as the cells involved in acquired
immunity mature and gain antigenic experience. Antigen exposure is
essential to drive maturation and expansion of cells of the innate and
adaptive mucosal and systemic immune system. Microbial antigens
play a vital role in the education of the immune system and represent
an important factor in predisposition to allergic, inflammatory and
autoimmune diseases in later life [92-96]. At the other extreme of the
age range, the elderly experience changes in some immune responses
which can be described as a progressive occurrence of immune
dysregulation leading to decreased cell-mediated immune responses
while antibody responses remain relatively preserved. Seniors are more
sensitive to infections than younger adults: infection is a common
problem among elderly, who are 2 to 10 times more likely to die of
infection than their younger counterparts. Non-specific immunity

appears to be less affected by the aging process but induces a longer
inflammatory process in older adults [97-99].

On the other hand, lifestyle-related factors are the main
determinants of immune competence in healthy adults with a mature
immune system and include in addition to diet, stress, sleeping habits,
sedentary lifestyle (leading to overweight/obesity), excessive exercise
(overtraining, marathon), frequent traveling (exposure to new
pathogens, unbalanced diet), being in crowded spaces (e.g., while
commuting in public means of transportation, or working in open
space offices), temperature changes, exposure to pollution, smoking,
etc. [5]. In the following, we discuss how some of these environmental
factors or situations can challenge the immune system.

Crowded spaces: Confined environments and crowded places such
as airplanes, trains, buses but also hospitals, schools, shopping malls,
movie theaters or open space offices serve as mixers where pathogens
can stay suspended and transfer from host to host thereby increasing
the risk of spreading infectious diseases because close contact and long
exposure increase [100-102]. When it comes to transmission
mechanisms, three main ones are discussed in the medical literature:
self-inoculation (through direct contact with the mucus or other
bodily fluids of an infectious subject); large droplet transmission
(through the spraying of infected droplets directly onto the conjunctiva
or mucus of a susceptible host via coughing or sneezing) and finally
airborne transmission (through inhalation of relatively small infected
droplets or the pathogen-bearing solid residues of size <5–10 mm, that
can form from the small droplets via evaporation). While the first two
modes are short-range routes requiring the close proximity of
individuals, the third is an indirect long-range route of transmission.
Indeed, it has been reported that smaller droplets can remain
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suspended in a cough or sneeze cloud meters away from the infected
person [102].

Figure 1: Factors affecting immune function [2,108].

In the recent past, the pandemic 2009 influenza A (H1N1) spread
rapidly and resulted in millions of laboratory-confirmed cases in
China and other countries. After 2 Chinese provinces provided initial
reports of 2009 H1N1 infection in 2 persons who had travelled on the
same train, Cui and et al. [101] conducted a retrospective
epidemiologic investigation to collect information from the
passengers, crew members, contacts, and health care providers with the
aim to explore the source of infection and possible routes of
transmission in the train. The authors concluded that close contact and
longer time on board may have indeed contributed to the transmission
of pandemic influenza H1N1 virus in the train.

As is the case with other major modes of transportation, trains play
an important role in transmission of communicable disease.

A recent, well designed survey of adult passengers on 21/2 hour
flights established that an average of 20% self-reported colds were
experienced by these travelers when questioned 5 to 7 days after the
flight [100]. This study led Hocking et al. to further analyze the data.
Their analysis revealed that assuming that any air travel-related
increase in cold incidence stems only from the 5 hours spent boarding,
deplaning, and in the aircraft, then the transmission rate for this
period is 113 times the normal daily ground level experience [100].
The analysis by Hocking and Foster [100] further revealed that

recirculation of aircraft air was not a significant factor. However,
reduced resistance to infection from the usual very dry cabin air and
fatigue, coupled to the small cabin air space per person, and low
outside air replacement rates of newer aircraft could have contributed
to the very high cold transmission rates observed.

Temperature changes: Vitamin C has been reported to have
beneficial effects on resistance and acclimatization to cold and hot
environments [8,103]. Low temperatures weaken the immune response
[8] and increase the risk of infections. Studies have reported that
prolonged exposure of the body surface to cold temperatures (cold
baths, cold air, wet clothes, drafts, etc.) leads to a vitamin C deficit
[103]. Vitamin C protects against common cold caused by heavy
exercise / exercise in cold (subarctic) conditions [8]. Further, chilling of
the feet caused the onset of common cold symptoms in around 10% of
subjects who were chilled [104]. It has also been shown that the
common cold virus (rhinovirus) can reproduce itself more efficiently
in the cooler temperature found inside the nose (33-35°C) than at core
body temperature and at the same time the immune response to the
rhinovirus is impaired at the lower body temperature compared to the
core body temperature [105]. Finally, a study investigating the
association between diurnal temperature range and respiratory tract
infections [106] reported that a diurnal temperature range increase of
1°C in the current-day and in the 2-day moving average corresponded
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to a 0.94% [95% confidence interval (CI), 0.34-1.55] and a 2.08% (95%
CI, 1.24-2.93) increase in emergency-room visits for respiratory tract
infections, respectively.

Pollution: It is well established that pollution is a global hazard to
health, and a particular problem in the developing world. Unsafe water,
sanitation and hygiene, indoor smoke from solid fuels, and urban
outdoor air pollution rank among the top 19 risk factors worldwide
contributing to disease burden and death. The mortality arising from
air pollution (indoor and outdoor) is high at around 7 million
premature deaths each year (i.e., 1 in every 8 deaths) and responsible
for 14% of deaths globally. Diarrhea alone is responsible for 12.8% of
deaths, with water pollution, sanitation and hygiene accounting for
16.4% of the disease burden globally, while lung and respiratory
infections from air pollution comprise 10.7% of the global disease
burden – and more than 50% in developing countries. In fact, the
environmental burden per capita of diarrheal diseases and lower
respiratory tract infections is 120-150 times greater in developing vs.
developed regions. Thus, reductions in air and water quality are major
risk factors for disease burden and mortality [107,108].

Air pollution arises from many sources, including road traffic,
small-scale manufacturers, burning of biomass, coal and solid fuels for
cooking and heating, coal-fired power plants, as well as tobacco
consumption, volatile organic compounds, mold and pesticides.
Pollution can also occur indoor and result in the so-called ‘sick
building syndrome’ (SBS), where non-specific mucosal, skin and
general symptoms occur, temporally related to working or living in a
sick building – particularly those with poor ventilation. The symptoms
of SBS include a general feeling of tiredness or lethargy, nasal
congestion, dry throat and headache, for example, and often lead to
reduced staff efficiency, increased absenteeism and staff turnover,
extended breaks and reduced overtime, and decreased productivity.
Although all of us are susceptible to the adverse effects of air pollution,
certain groups have increased sensitivity, including young children
with developing immune systems, the elderly who experience age-
related changes in adaptive immunity and in whom nutritional factors
are extremely important, those with a poor nutrient status, smokers
(increased oxidative stress and reduced vitamin C levels), office
workers (particularly when emotionally vulnerable), and frequent
travelers (often with poor dietary habits and at an increased risk of
infection transmission) (reviewed in Haryanto et al. [108]).

One of the major underlying features of the toxic effects of air
pollutants is oxidative stress, caused either by an imbalance of pro-
oxidant and antioxidant processes linked to increased exposure to the
air pollutants, or by the presence of impaired antioxidant defenses
[109,110]. Most air pollutants are themselves free radicals (e.g., NO2,
transition metals) or have the ability to initiate the production of free
radicals (e.g., O3, Particulate Matter (PM)) [109,110]. They can
therefore lead to oxidative stress in the lungs, participate in the
induction of inflammation [111], trigger redox-sensitive signaling
pathways [109,112] and impair antigen presentation – making the
body more susceptible to both allergic and infectious diseases [113].

An individual’s sensitivity to air pollution is related in part to their
endogenous pulmonary antioxidant defenses against both the primary
oxidant challenge and the second wave of oxidative stress [109].
Several micronutrients play an essential role in the antioxidant defense
system, either as direct antioxidants (vitamins C) or as components of
antioxidant enzymes such as Superoxide Dismutase (SOD) (e.g., zinc)
[114]. The synergy of endogenous and exogenous antioxidants plays a
key role in the protection against the development of inflammation of

the respiratory passage and aggravation of asthma and respiratory tract
infections caused by air pollutants, for example [113]. Indeed, short-
term randomized supplementation trials indicate that antioxidant
micronutrients can protect against the acute effect of air pollutants,
particularly in vulnerable subgroups [115-117] and may reduce the
occurrence of respiratory symptoms such as bronchitis, wheezing, and
respiratory tract infection [10,118,119].

Inadequate radiation or insufficient cutaneous absorption of
Ultraviolet B (UVB) is one of the cardinal causes of vitamin D
deficiency. The level of air pollution is inversely related to the extent of
solar UVB that reaches the earth surface. Consequently, in polluted
areas there is a reduced UVB passage which in turns lowers
endogenous vitamin D synthesis in the skin and status. It has been
reported that children in polluted areas in India were at higher risk of
vitamin D deficiency and rickets [120]. Urban Belgian postmenopausal
women who were exposed to higher O3 levels (3 times higher) but had
a higher mean sun exposure index compared with rural counterparts,
were found to have a higher prevalence of hypovitaminosis D [121].
Similar results were reported in healthy young women in Iran in a
study demonstrating that city of residence (Tehran - high polluted area
versus Ghazvin - low polluted area) and air pollution played significant
independent roles in vitamin D status [122]. The authors further
mentioned that aging significantly decreases the skin capacity of
vitamin D synthesis in response to solar UVB, thus the role of air
pollution in elderly may be more prominent than in adults or children
[122]. Finally, it has been established that maternal vitamin D
deficiency during pregnancy may have an influence on the
development of asthma and allergic diseases in offspring. A recent
study investigated the associations between gestational exposure to
urban air pollutants and 25(OH)D cord blood serum level in 375
mother-child pairs [123]. Maternal exposure to ambient urban levels of
NO2 and PM less than 10 µm in diameter during the whole pregnancy
was a strong predictor of low vitamin D status in newborns. This could
affect the child’s risk of developing diseases later in life [123].

Dietary supplementation including vitamin C, zinc and vitamin D
may modulate the negative impact of air pollution, and boost plasma
concentrations of antioxidants (known to be used to scavenge free
radicals upon exposure to pollutants) or vitamin D (known to be
reduced in polluted areas) above the normal range. Overall, this could
partially attenuate the negative effects of air pollutants such as ozone
and have a protective effect on the respiratory system (reviewed in
Haryanto et al. [108]).

Conclusion
Vitamin C, vitamin D and zinc have immune-enhancing and

immune-modulating properties and play synergistic roles in
supporting components of both innate and adaptive immunity which
comprise epithelial barriers, cellular defense and antibodies
constituting the three main lines of immune defense. Conversely,
deficiencies of vitamin C, vitamin D and of zinc severely depress
immune responses and lead to an increased risk for infections for
example in the respiratory tract [2,7].

Upper respiratory tract infections such as the common cold and
influenza are among the most common illnesses in humans and,
despite great advances in medicine, continue to be a great burden on
society in terms of human suffering and economic losses.
Micronutrient supplementation with vitamins C, D and zinc represent
a possible strategy to reduce their burden. Vitamin C has consistently
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been shown to reduce the duration and severity of cold symptoms and
to reduce incidence up to 50% in subjects undergoing heavy physical
stress (work, sports, low temperature, etc.) [8] or in cases of marginal
deficiency [35]. Zinc reduces the duration and severity of common
cold symptoms in children and adults when administered in form of
lozenges and taken within 24 hours of onset of symptoms [88]. A
combination of 1000 mg ascorbic acid plus 10 mg zinc given as an
effervescent tablet in subjects with common cold was found to relief
some symptoms (e.g., rhinorrhea) during the first 5 days of treatment
[124]. Finally, vitamin D stimulates the expression of potent anti-
microbial peptides, synthesized in neutrophils, monocytes, NK cells
and in epithelial cells lining the respiratory tract where they play a
major role in protecting the lung from infection [40]. It’s therefore not
surprising that low serum 25(OH)D levels are associated with an
increased risk of respiratory infections [9] and a recent meta-analysis
showed a 12% decrease in the risk of acute respiratory tract infections
following vitamin D supplementation [60].

Ensuring adequate levels of micronutrients such as vitamin C, D
and zinc may be particularly important in situations putting an extra
challenge on the immune system such as when exposed to sudden
temperature changes [8,104,105] or when spending time in confined
spaces (e.g., airplanes, trains, buses, hospitals, schools, or open space
offices) where the risk of spreading infectious diseases is high because
of close contact and long exposure [100-102]. In other situations, the
antioxidant properties of vitamin C and zinc play a critical role. One of
the major underlying features of the toxic effects of air pollutants is
oxidative stress, caused either by an imbalance of pro-oxidant and
antioxidant processes linked to increased exposure to the air
pollutants, or by the presence of impaired antioxidant defenses. Since
there is an association between oxidative stress and infection, as all
infections cause inflammation this will inevitably involve a degree of
oxidative stress. Overall, pollution (including exposure to cigarette
smoke) decreases the levels of vitamin C and zinc due to increased
turnover increasing the needs of these micronutrients. Living in
polluted areas can lead to vitamin deficiency D by decreasing
endogenous synthesis in the skin [108,122].

Multiple factors determine whether an individual will become sick
or not, however the immune system remains the first line of defense
against all external pathogens and other noxious insults. Like other
cells and organs, also immune cells and tissues need to be fed and
require adequate supply of energy, nutrients and micronutrients
serving as cofactors in the development, maintenance and expression
of the immune response. The evidence presented here indicates that
there’s a good scientific rationale for combining vitamin C, vitamin D
and zinc in order to support and modulate immune functions to better
realize the body’s defense potential.
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