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Abstract: Immune response may be dysregulated at multiple levels for multiple reasons, spanning from congenital defects to
diseases, medical treatments, environmental and occupational exposures. The consequences of immune dysregulation, especially
in the case of mild immune dysfunction, are not easy to predict, being dependent on several factors, but may be subtle in most
cases. Adverse health outcomes like an increased susceptibility to infections, a higher risk of cancer or the development of
autoimmune diseases may occur. Outdoor workers are exposed to several risk factors, partly depending on the working activity
or the job performed and partly due to the features and variability of the outdoor environment itself. Outdoor environment
generally implies the exposure to severe thermal conditions, meteorological agents, environmental pollutants and solar radiation.
Some volatile organic compounds, heavy metals and many pesticide display immunotoxic properties. Solar radiation itself,
through the UV component, may induce immunosuppressive effects, both locally and systemically. The ongoing climate change
may have a profound impact on the levels of exposure to air pollutants, pesticides, solar radiation, biological agents and disease
vectors. A detailed evaluation of the combined exposure to the above-mentioned risk factors is very difficult, given the number of
factors involved, the spatial and temporal variability of exposure and the high number of jobs potentially conducted outdoor, but
may contribute to the definition of the “exposome” for outdoor workers. The net effect on the immune response modulation and
the occurrence of the related potential adverse health outcomes are hard to predict, but this topic is of great importance for a full
implementation of occupational health and safety regulation in the case of outdoor workers. This implies an integrated approach
in risk assessment, a detailed evaluation of the health status during health surveillance (with particular reference to the immune
function) and a careful choice of a suitable combination of preventive and protective measures at individual level.
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but also antagonistic effects may occur, making the final
health outcomes very difficult to predict. In this regard,
outdoor workers need a careful consideration, given the
exposure to both specific risk factors connected to the
job/activity performed and physical, chemical and biological
agents commonly found in outdoor settings. They include
solar radiation, meteorological factors (e.g. wind, rainfall,
high and low temperatures and humidity) as well as urban air
chemical pollutants. Climate change may exert a profound
effect on environmental exposures and represents an issue of

1. Introduction

Occupational health and safety involves the assessment and
management of all risk factors on the workplaces, both
conventional and new/emerging ones. Moreover, workers
have to be protected against acute and prolonged combined
exposure to potentially highly variable patterns of chemical,
physical and biological agents. Depending on the agents
involved, their relative concentrations, temporal patterns of
exposure and individual susceptibility, additive, synergistic
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growing importance in public and occupational health [1-3].
This paper stresses the question of occupational exposure
of the outdoor workers to  xenobiotics  with
immune-modulating properties (immunotoxicants), with
particular attention to the interplay between immunotoxicants,
solar radiation and climate change. It must be emphasized
that the last one is not an agent affecting workers’ health in
combinations with others but a feature able to modulate in a
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complex manner the exposure to many other risk factors
encountered outdoor. As immune modulation is affected by
individual factors (including diseases, lifestyles, use of
immunosuppressive drugs) as well as by co-exposure to
several physical, chemical and biological agents (a
non-exhaustive view is given in figure 1) the individual
balance in terms of health outcomes is hard to determine.
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Figure 1. A simplified picture of the complex interplay between solar radiation, climate change, immunotoxicants, individual physiological and pathological
conditions as well as medical treatments and lifestyles involving or affecting the immune response. Which individual balance?

The more general purpose of this paper is to contribute to
the development of a conceptual and operative framework for
the assessment and management of outdoor workers’ health
and safety.

2. A Profile of Factors Involved in a
Complex Interplay

2.1. Immunotoxicants

Immune response may be innate or acquired (adaptive) and
a lot of different specialized cells are involved. It requires a
complex network of intercellular messengers (especially
cytokines) and may be elicited at different levels against a
highly heterogeneous set of antigens (both exogenous and
endogenous). Immune system interacts with and is regulated
by other physiological systems, primarily the endocrine and
nervous ones, but a growing body of scientific evidence
indicates that the microbiome plays a crucial role in regulating
the immune response [4-6].

Moreover, at least some features of the immune response
are shown to be affected by circadian rhythmicity and

dysregulation of the last one may potentially alter immune
function [7-8], though little is known in this regard until now.
A fine regulation of the immune response is essential to
protect body against infections, for early detection and
elimination of transformed cells as well as to prevent
autoimmune phenomena.

Immune system is immature at birth, maturates during
childhood, but the full immunocompetence is established in
the adolescence, while ageing is accompanied by a certain
degree of immune impairment, whose consequences are not
easy to determine, but are dependent on individual features as
well as concomitant diseases and medical treatments. Immune
response in adults is susceptible to be affected by some types
of exposures during prenatal life or in the first postnatal period,
although there is no still solid evidence in this regard.

Congenital or acquired immune deficits make the body
more susceptible to infections as well as to the development of
certain types of cancer. On the opposite, a dysregulation of the
immune response is the leading cause of autoimmune diseases.
However, outcomes due to immune dysregulation may be
highly variable, spanning from severe to mild
immunodeficiency and subtle effects or, on the opposite, to
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autoimmune reactions and diseases as well as to a higher
cancer risk. In some cases, immune dysregulation may result

into beneficial effects for health (see the simplified scheme
reported in figure 2).
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Figure 2. An overview of the consequences due to immune disruption/dysregulation. Potential adverse or beneficial health outcomes are summarized in the

lower boxes.

Due to complexity and redundancy of the immune response,
type/s and extent of the alteration/s involved, individual
susceptibility, exposure to immune active agents, lifestyles,
concomitant diseases, environmental and occupational
exposures etc. all contribute to shape the health outcomes.
Drugs and other xenobiotics may interfere with mechanisms
involved in the immune response at different levels, with
variable overlapping for different chemicals, and the
identification of suitable biomarkers of
exposure/effect/susceptibility is a concern of increasing
importance (see for instance [9-11]).

Among xenobiotics, a growing number of pollutants in
living and working settings are potentially able to modulate
one or more molecular and cellular pathways eliciting the
immune response (see for instance [9, 12-13]). Mechanisms
include the alteration of the cytokines secretion pattern by one
or more types of immunocompetent cells. Both humoral and
cell mediated immunity may be affected, including pathways
regulating the strength and duration of the immune response.
Moreover, some immunotoxicants may interfere with the
response to mitogens by immunocompetent cells or may
induce a direct toxic damage to lymphoid organs.

In this paper, the term “immunotoxicant” is used in
reference to a chemical agent able to interfere with the
immune function in a wide sense, resulting in a potential
activation or suppression, at different degrees, of one or more
features of the immune response. In this regard, the terms
immunotoxicity and immunomodulation as well as similar
ones, although not overlapping (for instance
immunomodulation may or may not result in immunotoxicity
depending on concomitant factors and boundary conditions),
may conceptually be used in an interchangeable way.

Sensitizers (e.g. allergens) are a special case of immune active
physical, chemical and biological agents and are not included
in the present discussion. The following examples indicate
compounds (or classes of compounds) for which, based
primarily on in vitro and in vivo studies, an
immunomodulatory  action  (potentially resulting in
immunotoxicity) was shown to some extent and at any level of
the overall immune function.

(1) Metals like arsenic, lead and mercury [14-16].

(2) Polycyclic Aromatic Hydrocarbons (PAHs) [17-18].

(3) Ozone [19].

(4) Benzene, trichloroethylene,
toluene, styrene [20].

(5) Diesel exhausts [20].

(6) Crystalline silica [20].

(7) Welding fumes [20].

(8) Pesticides belonging to carbamates, organophosphorus
compounds, organochlorines, pyrethroids [9, 12],
including those with estrogenic activity reported in the
following point of this list.

(9) Environmental estrogens. Phytoestrogens in food (like
ginestein and zearalenone), bisphenol-A,
2,3,7,8-tetrachloodibenzo-p-dioxin  (2,3,7,8-TCDD)
and estrogenic pesticides (insecticides like DDT,
metoxychlor and chlordane, herbicides like
exachlorobenzene, fungicides like pentachlorophenol
and nematocides like aldicarb) are included [21].

(10)Nanoparticles and nanomaterials (silica nanoparticles,
TiO,, carbon nanotubes, fullerenes, nanoparticles in
general) [22-24].

Target tissue(s)/organ(s) of an immunotoxicant may be the

skin or the respiratory tract for local immunomodulatory

tetrachloroethylene,
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actions (with or without a systemic immunologic involvement)
or immunocompetent cells/tissues (e.g lymph nodes) when a
systemic absorption occurs. Multiple approaches and methods
were developed over time to assess the immunotoxic
properties of a chemical, but an integrated and validated
approach is not still available (see for instance [25]),
especially for topics like developmental immunotoxicity.

Experimental and epidemiological evidence about
immunotoxicants is growing but still insufficient and, jointly
with other critical issues, does not allow to predict the health
outcome/s given a certain pattern of individual exposure to
one or more compounds with immune modulating properties,
especially in occupational settings (a schematic view of the
concerns in this regard is reported in table 1).

Table 1. Occupational exposure to immune-modulating agents: challenges in risk assessment.

Action mechanism/s

Multiple molecular and cellular pathways of interference with immune response, depending on the chemical involved. In

some cases a chemical exerts its immunomodulatory effects through several action mechanisms

Threshold of effect

Variable, but in most cases potentially low or very low: doses necessary to induce immunomodulatory effects vary on the

basis of compound, action mechanism/s, molecular/cellular pathways affected, absorption route/s and outcome/s considered
Not fully assessed in most cases. A well characterized dose-response relationship between an immunotoxic chemical and a

Dose-response relationship

given immune endpoint or a given set of immune responses is often not flanked by a clear relationship between the level of

immune impairment and the occurrence/severity of a health outcome

Types of effect
Occupational exposure

Interactions

Likely to be subtle in most cases, but with potential long-lasting severe health consequences
Extremely variable, but often at low levels for a prolonged time
Possible synergy between two or more immune modulating agents. Immunotoxicity potentially modulated by co-exposure to

irritants, sensitizers, radiation, severe thermal environments etc.

As an example, beside the question of the dose-response
relationship between an immunotoxic chemical and a specific
immune response a more complex question is to assess the
relationship between the level of immune dysregulation on
one side and, for instance, the quantification of the increased
susceptibility to infections on the other side [26]. The same is
conceptually valid in the case of cancer and autoimmune
diseases. In any case, dose-response relationship and
threshold/s of effect depend not only on the agent involved,
but also on exposure route, previous immune features,
individual susceptibility and co-exposures.

2.2. Solar Radiation

Solar radiation (SR) includes ultraviolet (UV), visible and
infrared (IR) radiation. UV radiation includes UVC (100 - 280
nm), UVB (280 - 315 nm) and UVA (315 - 380 nm), the last
one subdivided into UVA1 (320 - 340 nm) and UVA2 (340 -
400 nm), visible radiation spans from 380 to 780 nm, while IR
radiation covers the spectral range 780 nm - 1 mm. Three IR
sub-bands are recognized: IRA (780 - 1.400 nm), IRB (1.400 -
3.000 nm) and IRC (3.000 - 1 mm). The SR composition at the
ground is different from that at the upper limit of the
atmosphere, as the ozone layer completely blocks UVC band
and largely absorbs UVB. So, at the ground SR includes 5-6%
UV (of which up to 95% UVA), about 45% visible radiation
and 50% IR (the IRA band alone is over 30% of the solar
spectrum) [27-29]. Biological and health effects of SR mostly
involve the skin and the eye and are largely due to UV
radiation. However, a growing body of experimental evidence
indicates that visible radiation and IRA, by alone or
synergizing with UV radiation, may exert a biological action
resulting in potential adverse effects on skin and eye (for
instance cancer, accelerated photoageing, cataract or retinal
damage) for long-term exposures [30-31]. UV radiation may
induce both acute and long-lasting effects on skin (including
erythema, melanoma and non-melanoma skin cancer,
photoageing) and eye (keratitis, pterygium, cataract and
macular degeneration) [32]. SR as a whole and the single UV

bands (UVA, UVB and UVC) are recognized to be
carcinogenic to humans (group 1 of the International Agency
for Research on Cancer classification of the carcinogenic
evidence of an agent [28]). The action mechanism includes
DNA damage and reactive oxygen species (ROS) production
in the target cells and tissues. The biological effectiveness of
UV radiation varies greatly with the wavelength, being
maximum around 300 nm and falling rapidly as we move
toward greater wavelengths. Action spectra differ in relation
to the biological effect concerned, but for many effects, there
is a substantial overlapping. For instance, the action spectrum
of erythema is regarded as valid also for some long-term
effects like actinic keratosis and squamous cell carcinoma of
the skin. Solar UV but also the visible band of SR may induce
phototoxic ~ and/or  photoallergic  reactions  when
photosensitizers are present into the skin or eye tissues. Beside
adverse effects, UV radiation may exert proven (e.g. vitamin
D3 synthesis) or supposed (e.g. a reduced risk of some internal
cancers, blood pressure lowering) beneficial effects. Melanin
synthesis and skin thickening may be viewed as defence
mechanisms or adaptive responses to UV exposure, whose
effectiveness is highly variable among individuals, depending
on biological features (in primis the phototype). A peculiar
effect linked to UV exposure is immune suppression, which
involves Langerhans and other immunocompetent cells in the
skin, as well as keratinocytes, and may lead to a local but also
a systemic depression of the immune response, the last one
due to immune cell migration to regional lymph nodes as well

as to cytokines production and release. UV
immunosuppressive  effects recognize several action
mechanisms at molecular and cellular level, not yet

completely elucidated but with an increasing evidence of
crosstalk between biochemical cascades [33]. UV-induced
immune suppression was repeatedly shown in the last decades
in experimental animals in terms of inhibition of delayed type
immune reactions or sensitization reactions, but the
epidemiological evidence is still lacking or largely insufficient.
The action spectrum of UV immune suppression displays a
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peak at 300 nm and additional peak into the UVA2 range (370
nm) [34-35]. Moreover, the dose-response relationship for
immunosuppressive effects seems to be bell-shaped for UVA
and linear with a plateau for UVB. Consequently, the relative
importance of the two bands in inducing immunosuppressive
responses for individuals exposed to solar UV radiation is
dependent on time of exposure, prevailing UVA effects for
exposures of short duration (minutes or tens of minutes) and

142

Immunomodulating effects of UV, whose study is included in
the relatively new discipline of photoimmunology [36], may
be involved in the carcinogenic action of SR and it is
speculated that UV immune suppression may increase the
susceptibility to infectious agents in human populations and
may reduce the effectiveness of vaccines [37-38]. An
overview of health effects due (or likely to be due) to SR is
reported in figure 3.
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Figure 3. Summary of the biological/health effects, both adverse and beneficial (proven or speculated), due to exposure to solar radiation. Some additional

details in the text.

The balance between potential beneficial and adverse
effects of solar UV radiation depends on dose, dose-rate,
cumulative exposure and individual susceptibility. Exposure
to SR may be highly variable, depending on both
environmental and individual features. It varies with time of
day, latitude, altitude, cloudiness, atmospheric pollution,
environmental albedo (an example is given by the reflecting
power of surfaces surrounding the exposed individual), time
spent outdoor, shadow, individual protection by the use of
clothing, hats, sunglasses and sunscreen [28, 39-40].
Individual exposure may be measured by personal dosimeters
or through adequate modelling. However, several concerns
and limitations occur, making difficult the assessment of the
total dose for a give tissue or body district, especially for
long-term or lifetime cumulative exposures [41-42].

2.3. Climate Change

The ongoing climate change (CC) may deeply affect both
natural environments and human communities. Trends and

effects of a changing climate are periodically analyzed and
monitored (see for instance [43]) and the impact on human
health is largely discussed since many years. The focus is
mainly on public health [44-47], with an increasing interest in
occupational health [48-49]. It is generally recognized that CC
by alone or in combination with other environmental factors
(e.g. stratospheric ozone dynamics), potentially affects
environmental exposure to several physical, chemical and
biological agents as well as disease vectors [3, 32, 50-56].
Exposure to volatile organic compounds (some of them with
immunotoxic  properties), pesticide (including  the
immunotoxic ones) and particulate matter (the last one
containing or not in different amounts immunotoxic metals or
other immunotoxic compounds) may increase or decrease,
depending on local weather conditions, solar irradiation,
personal habits, degree of personal protection and other
individual and environmental factors, making the net result in
terms of spatial and temporal patterns of exposure very
difficult to predict [57] (see figure 4).
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Figure 4. Interplay between climate change, stratospheric ozone, meteorological features, solar radiation and exposure to chemical and biological agents as

well as to disease vectors. See text for references.

Consequently, health outcomes are even more difficult to
determine at individual and group level.

2.4. Outdoor Workers

Several working activities are conducted outdoor, exposing
workers to variable (but generally severe) microclimatic
conditions, to variable (but generally high) levels of SR and to
a pattern of pollutants qualitatively and quantitatively variable,
depending on location, time of day, season, atmospheric
conditions, distance from environmental sources of pollution,
type of job/activity performed etc.

The overall number of exposed workers is very difficult to
quantify and one reason is that presently there is no a robust
and shared definition of “outdoor worker”. For instance, there
is no agreement on the minimum working time spent daily or
weekly outdoor to define a worker as an outdoor worker.
Moreover, while many activities are conducted outdoor or
predominantly outdoor, others are mixed (partly outdoor and
partly indoor). In addition, a lot of indoor activities may
expose workers to risk factors typical of the outdoor
environment, e.g. SR through windows and other transparent
barriers. Another example deals with outdoor biological
agents and allergens moving inside through doors/windows
opening and/or by active or passive transport due to human,
animal or non-living matrices [58-65].

Even with these limitations, it is possible to identify
working activities or categories, reported in the following not
exhaustive list, for which the outdoor component is prevailing
(or in any case not negligible): asphalt workers, beach workers,
construction workers, drivers (trucks, public transports etc.),
farmers and forestry workers, fishing activities, fuel station
workers, green areas maintenance workers, offshore workers,

open sky miners, outdoor loading and unloading workers,
outdoor security activities, outdoor sport instructors, postmen,
power lines and water pipes workers, ski instructors and other
outdoor winter workers, street vendors.

3. Results

Metals, solvents, some pesticides, dioxins and other
chemicals or classes of chemicals, used or produced during
working activities, or in any case present in the workplaces,
display in vivo and in vitro immunotoxic properties,
regardless their possible sensitizing properties. Outdoor
workers may be simultaneously and chronically exposed to
immunotoxic chemicals and SR; the ongoing CC may,
depending on the specific environmental and/or working
conditions, increase or (on the opposite) decrease exposure to
these substances and to SR. The net effect on the immune
response regarded as a whole is, once again, very difficult to
predict. In fact, it depends on the combination and levels of
the exposures involved, as well as on the individual health
status and the health outcome/s considered (immune response
to viral, bacterial or fungal pathogens, reactivation of the
latent viral infections, autoimmune diseases, cancer).
Moreover, a specific agent may display a bimodal or
multimodal action on the immune response, based on the
level and modes of exposure.

Even for a well-known physical agent like temperature,
whose immunomodulating action is recognized long since, a
considerable level of uncertainty does still exist. Temperature
rise, for instance due to fever, increases the effectiveness of
the immune response as a whole and this has a clear
evolutionary significance in terms of response to infections.
For core temperatures higher than 40 °C immune function
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tends to decline. However, excluding fever, the available
evidence has not still clearly addressed the effects of different
patterns of temperature elevation, suggesting that degree,
duration and frequency of temperature variation, as well as
local vs systemic heating, may be important in determining the
final outcome/s (see for instance [66]). Moreover, the immune
function might be differently affected in terms of acute or
long-term responses.

EU directives on occupational health and safety (starting
from the framework directive 89/391/EC [67]) establish the
assessment of “all” risk factors existing in the workplace and,
to reduce or eliminate risks, the adoption of suitable
preventive and protective measures (both collective and
individual, whose modulation is dependent on types and
levels of the risk/s involved). Existing European regulation
repeatedly stresses the question of “workers” at particular
risk, i.e. workers that, for physiological features, pathological
conditions, lifestyles or co-exposures, may be more
susceptible to the adverse health effects induced by the
exposure to a given risk factor, for instance a chemical or a
physical agent.

In these cases, thresholds of induction for an adverse
health effect may be lower than those recognized for a
“standard” individual. Consequently, if a worker is regarded

as at particular risk an individual risk assessment is requested.

Removal from exposure or the implementation of more
stringent preventive or protective measures could be
necessary in some cases.

Exposure to agents disrupting skin or mucosal barriers
(such as skin and respiratory irritants, as well as detergents)
has to be assessed. On one side these agents may facilitate the
absorption of immunotoxic chemicals while on the other side
the disruption of a biological barrier elicits itself an immune
response, which may represent a feature making more
complex the action of an immunotoxic chemical. Risks due to
chemical agents has to be assessed in the workplace in any
case [68] (Directive 98/24/EC) on the basis of the hazard
classification (CLP Regulation) of the chemical/s used or
produced in the working process and, if the case, the
determination of the exposure levels.

Exposure to carcinogenic chemicals acting both at the skin
level and/or involving internal organs (e.g. polycyclic
aromatic hydrocarbons, crystalline silica, wood dust,
carcinogenic metals) has to be assessed. This is a duty of the
employer stated by regulatory provisions [69] (Directive
2004/37/EC), but it is important for an additional reason: a
mild to severe degree of local or systemic immune depression
may increase the risk of cancer for both skin and some internal
organs. Consequently, a prolonged exposure to one or more
immunotoxicants may facilitate the action of known
carcinogenic agents, for instance lowering the dose of a
carcinogen required to induce a given response in terms of
cancer induction (e.g. the fraction of exposed individuals
developing cancer).

Outdoor workers are likely to be the best example of the
concerns in implementing regulatory provisions on

occupational health and safety.

The work environment is not controlled as in the case of
the indoor one, additional risk factors (such as SR and
atmospheric agents) are present, variability of environmental
conditions is high and workers may be occasionally or
repeatedly exposed to severe or extreme conditions, such as
natural disasters and epidemic events [70-71], outdoor and
indoor extreme temperatures [72-73] and thunderstorms
[74-76].

Moreover, exposure to chemicals used in or produced by
the working process is flanked by exposure to the urban and
other atmospheric pollutants. In these settings, the
identification and protection of workers at particular risk may
pose additional concerns (a profile of conditions of increased
susceptibility to categories of occupational risk factors
relevant for outdoor workers is given in [77]). Therefore, the
case of occupational outdoor exposure to SR and
immunotoxic chemicals in the framework of a changing
climate is paradigmatic in this regard for the previously
reported reasons.

The depicted scenario may contribute to add pieces in
order to define the “exposome” of several groups of outdoor
workers. Following the definition of exposome coined by
Wild’s in 2005 [78] that: “....... encompasses life-course
environmental exposures (including lifestyle factors), from the
prenatal period onwards”, the term exposome acquired a
more extensive significance and, for instance, was defined as:
. the summation and integration of external forces acting
upon our genome throughout our lifespan” [79].

The enormous complexity of the concept of exposome
lead some authors to split it into subdomains, each one
theoretically of less complex definition and measurement.
Regarding outdoor workers may be of particular interest the
concept of urban exposome, since many outdoor workers
perform their activities in urban settings. The urban
exposome can be defined as the continuous spatiotemporal
surveillance/monitoring of quantitative and qualitative
indicators associated with the urban external and internal
domains that shape up the quality of life and the health of
urban populations, using small city areas, i.e. neighborhoods,
quarters, or smaller administrative districts, as the point of
reference [80]. In this regard some authors stress the
importance to promote different control strategies, including
the engineering ones [81].

Presently, there are no approaches to assess the health
effects of complex combined exposures, especially if they
involve a high number of different chemicals and physical
agents. The individual response to environmental agents may
be explored by emerging methodologies, those collectively
known as “omics” [82-86]. However, regardless concerns
related to the full development of these technologies and
costs, the central question remains the interpretation in terms
of biological significance, individual susceptibility, disease
risk and outcome severity of the big data sets obtained from
omics technologies [87-90] applied to a variety of biological
samples.
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4. Conclusions

The protection of outdoor workers from the effects due to
combined exposure to immunotoxicants, SR and variables
connected to CC needs a careful assessment of all the factors
involved. Moreover, co-exposure to chemical or physical
agents able to modulate the effects due to a given level of
exposure to an immunotoxic agent or a combination of
immunotoxic agents has to be taken into account and, when
possible, quantified. This topic is quite complex to address,
especially when individual features, pathological conditions,
medical treatments and lifestyles are to be taken into account
and negative but in some cases even positive health
consequences may result.

The immune profile of the worker is a primary step to
evaluate during the health surveillance, paying attention to
conditions of mild immune depression. The combination
of immune markers to assess, through the execution of
basal and/or second level tests (conducted on blood, urine
or other body fluid by conventional or innovative
techniques), is based on individual features and
environmental exposures and may include cellular
phenotypes, activation markers, antibody profiling, cyto-
and chemokines as well as cell proliferation. Individual
profile in terms of wuse of drugs (primarily
immunosuppressive ones), pathological conditions and
lifestyles has to be scrupulously assessed. Smoking habit
and alcohol consumption may be important with regard to
their potential influence on the immune response. The
disruption of circadian rhythms may affect the immune
response: consequently, shift work represents an
additional concern in this regard. Moreover, though SR is
not a risk factor during nighttime, all other outdoor
exposures may persist an in some cases even increase.

The level of protection has ideally to be set on the basis of
a balance between adverse and potential beneficial effects;
workers have to be provided with adequate information and
training, while the identification and implementation of
preventive and protective measures must agree as much as
possible to the needs and preferences expressed by the
individual worker. This is particularly true for protection
from SR (clothing, eyeglasses, hat and sunscreens). The use
of SR protective clothing/devices by a worker has to be
graded based on the level of exposure to SR, but must also be
harmonized with features concerning thermal comfort and
with the use of other devices eventually needed to protect the
worker him/herself from dust, fumes, chemical and
biological aerosols etc.

As outdoor working activities are frequently interfaced
with the indoor ones and the same worker may be
alternatively exposed to outdoor and indoor risk factors even
within the same working day or working shift, it is important
to match outdoor concerns with indoor ones. An unhealthy
indoor environment represents an additional challenge for the
immune system and an individual immune response
previously impaired by different patterns of exposure to
outdoor physical and/or chemical agents (the exposure to

which, in turn, is likely to be modified by CC as stated above)
may be less effective.

Moreover, CC affects not only the outdoor settings but,
directly or indirectly, the indoor ones too. In summary, as
stated by the NIOSH itself: “Variation in temperature,
precipitation, wind, or other type of weather have the
potential to affect human health in several direct and indirect
ways. The challenge is to research and characterize how these
climate conditions may influence worker health and safety and
to establish plans for mitigating, responding to, and adapting
to current and  anticipated  health impacts”
(https://www.cdc.gov/niosh/topics/climate/default.html).

The acquisition of a more complete an coherent set of
information on the topics discussed in this paper requires, in
our opinion, the design and conduction of multicentric
case-control studies on outdoor workers, accounting for all the
factors potentially involved in immune modulation and for a
large number of potential health outcomes. Comparisons
should be mostly focused on geographical location,
meteorological data, environmental pollution, job performed,
time effectively spent outdoor, occupational history, leisure
time, life habits, health status and immunological parameters.
Moreover, it should be of great utility to recruit occupational
cohorts to be followed over time.

On another side, it is essential to continue to explore omics
approaches, including those able to detect the epigenetic
profile at individual and group level (e.g methylation
patterns and microRNAs expression) as well as the
epigenetic response to environmental factors involved. An
important goal is the identification and validation of suitable
biomarkers of exposure, effect and individual susceptibility
in the case of multiple and complex exposures to
occupational and environmental agents modulating the
immune response in relation to short and long term impact on
the health status.

Finally, an effective link between occupational and public
health should be promoted in order to plan the optimal
preventive and protective measures against diseases and
vulnerabilities due to CC and complex environmental
exposures. In perspective, they have to include adaptation
strategies involving education to healthier lifestyles.
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