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Abstract

Purpose of review: There has been an increased prevalence of allergy. Due to this relatively
rapid rise, changes in environmental exposures are likely the main contributor. In this review we
highlight literature from the last 3 years pertaining to the role of air pollution, greenness, and

the rural/farm lifestyle and their association with the development of allergic sensitization, atopic
dermatitis, food allergy, and allergic rhinitis in infancy and childhood. Because asthma has a more
complex pathophysiology, it was excluded from this review.

Recent findings: Recent studies support a role for air pollution, greenness, and rural/farming
lifestyle influencing atopic outcomes that continues to be defined. While many studies have
examined singular environmental exposures, the interconnectedness of these exposures and others
points to a need for future work to consider an individual’s whole exposure.

Summary: Environmental exposures’ influence on atopic disease development remains an

ongoing and important area of study.
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Introduction

Atopic dermatitis (AD), food allergy (FA), allergic rhinitis (AR), and asthma encompass
allergic manifestations that have seen a rise in prevalence in many industrialized regions.
AD, FA, and AR manifest in early infancy and childhood and have been reported to affect
up to 20%, 10%, and 8% of children respectively(1-5). AD is a chronic relapsing-remitting
inflammatory skin disease; FA is an abnormal immune response to food antigens following
ingestion. AR is a seasonal or year-round allergic inflammatory response, mainly localized
in the nasal mucosa, in response to inhaled allergens, including mold, dust mites, and
pollen. There is a natural progression of these allergic diseases, referred to as the atopic
march. Starting with AD, the atopic march progresses to FA shortly after, and later to AR
and asthma in childhood(6). Notably, studies have demonstrated associations between the
diagnosis of one allergic manifestation and the risk of subsequent diagnosis of another. For
example, studies have shown an increased risk of FA in infants/children that have AD(7, 8).

From birth cohort studies, it has been shown that children with FA(9) or AD(10) are

at an increased risk to develop AR and asthma. Findings from multiple studies suggest
epicutaneous sensitization may also lead to the development of FA(11-13). Notably, in a
randomized controlled trial of early oral egg introduction to combat egg allergy in moderate
to severe eczema infants, ~30% of infants at 4 months were already sensitized to egg before
known ingestion(14). Additionally, another study reported that increased environmental
peanut exposure (EPE) measured in home dust was a risk factor for peanut sensitization and
allergy among a cohort of children less than 15 months(15). Furthermore, the authors found
a significant interaction between EPE and peanut sensitization in infants with a history of
AD, which was further augmented in infants with severe AD(15). Thus, future treatments
targeting the epithelial dysfunction that occurs in AD may be beneficial in preventing the
development of FA(16). Currently there are no cures for AD, FA, or AR, and primary
prevention strategies have been largely unsuccessful. For AD, disease management has
included the use of emollients, moisturizers, and corticosteroids to improve and maintain
skin barrier integrity and limit inflammation(17, 18), while for FA, food avoidance is the
most effective method to evade an allergic response. There has also been active research on
the use of allergen immunotherapy as a potential treatment for FA(19). Treatment for AR
can include allergen avoidance or medications like antihistamines as well as immunotherapy.
Despite these best efforts at disease management, the diagnosis of AD, FA, and AR can
negatively impact the quality of life of allergic individuals and their families.

As is the case for many other diseases, the interplay of genetics and environment in the
development of allergy continues to be debated. Familial aggregation(20-23) and twin
studies(24-27) have demonstrated a genetic component to atopic disease development.
Additionally, candidate gene association and genome-wide association studies have revealed
several genes commonly altered in allergy, some of which are shared among allergic
manifestations including FLG, 1L4, SPINKS5, HLA, STAT6(28-32). It is clear there is

a role for genetics, but the relatively rapid rise in prevalence of allergy suggests recent
changes in environmental exposures may be the main contributor. Globally, individuals have
seen a dramatic change in their environment and lifestyle due to the rise of urbanization
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and industrialization(33). Various environmental factors have been implicated in allergy
development; these factors may be collectively referred to as the exposome(34, 35). In this
review, we will highlight human findings from the last 3 years on the roles of air pollution,
greenness, and the farming/rural lifestyle on allergic sensitization, AD, FA, and AR in
infants and children. For this review, asthma outcomes will not be reported.

Global industrialization and urbanization have dramatically increased levels of air pollution,
prompting concern for a myriad of potential health effects. Infants and children may be

at increased risk of pollution’s harmful effects for several reasons. First, they are more
likely to breathe through their mouths than adults, thus drawing more particulate matter

into their lungs(36). Additionally, children have faster respiratory rates than adults, as well
as more permeable respiratory tracts(37), and they generally tend to spend more time

being physically active, which increases air intake, as well as more time outside(38).
Together, these factors increase children’s contact to airborne pollutants and thus the
potential for these pollutants to contact the skin and respiratory tract. Various components
make up air pollution including particulate matter (PM), nitrogen oxide compounds (NO,),
volatile organic compounds (VOCs), ozone (O3), environmental tobacco smoke (ETS),

and traffic-related air pollution (TRAP). Particulate matter is generated by many sources,
from vehicle emissions to industrial processes(39). These particles are categorized based on
their diameter(40); two such categories are PM, 5 and PM1q. Of the two, only PM5 5 has

the capacity to penetrate skin due to its smaller size(39, 40), which has implications for
atopic disease. VOCs are unstable carbon compounds, which arise from common household
materials(40); examples include benzene and toluene. VOCs are generated by consumer

and natural sources alike, with sources including cleaning supplies and plants(40). ETS
comes from cigarettes and has long been associated with implications for health(41). Finally,
TRAP encompasses all vehicle emissions, including PM, VOCs, NO,, SO,, CO, and O3(40).
Recent literature has largely focused on the allergic impact of PM, but there have been some
findings regarding other pollutants. A summary of the most recent findings can be found in
Table 1.

It has been suggested that air pollutants can contribute to atopic disease through a

variety of mechanisms, ranging from skin barrier dysfunction, oxidative stress induction,
epigenetic modifications and even influence on immune cell responses(34, 37, 40, 42—-44).
For example, PM> 5 can directly and indirectly generate reactive oxygen species (ROS),
which can ultimately trigger oxidative stress(45). It is hypothesized that the resulting
damage from the oxidative stress may compromise skin barrier function(45). Another
study found that when human nasal epithelial cells were exposed to PM, 5, decreased
epithelial barrier integrity was observed(46), perhaps contributing to increased susceptibility
to aeroallergens and inflammation. As for pollution’s potential effects on immune response,
some studies have reported prenatal exposure to pollutants (specifically ETS and VOCs)
may be associated with postnatal Th2 immune bias(37).

There is mixed data as to whether airborne pollutants contribute to allergic sensitization, as
shown in Table 1(42). An older study previously found PM, 5 concentration and absorbance
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in outdoor air positively correlated with sensitization to outdoor inhalants (timothy grass,
rye, birch, mugwort) at 6 years old. (47).Though the authors of this report did not examine
the potential impact of PMy, it will still be important to elicit any difference between
PM, 5 and PMyg in correlating with allergic sensitization. Meanwhile, it has been reported
that tobacco smoke can negatively affect allergic sensitization outcomes. Gallant and Ellis
observed ETS exposure at 2 years of age correlated with significantly higher odds of a
positive skin prick test also at 2 years for any of 14 common allergens(36). This finding

is consistent with previous literature suggesting early life and even prenatal exposure to
secondhand smoke may increase a child’s risk for allergic disease(48-50). Similarly, a
previous study with children from the Netherlands’ Prevention and Incidence Asthma and
Mite Allergy (PIAMA) birth cohort found long-term exposure to TRAP was associated
with food allergen sensitization at 4 years(51). However, two meta-analyses did not find a
correlation between air pollution and sensitization to any common allergen in children up
to 10 and 16 years old (52, 53). Yet, when further analysis was conducted on specific
components affecting sensitization by 16 years, PM, 5 was positively associated with
sensitization against grass antigen Phl p 1 and cat antigen Fel d1(53). From the studies
highlighted here, it seems associations between sensitization and air pollution may be
pollutant-specific.

There is limited research exploring the possible connection between air pollution and FA.
A meta-analysis focused on ETS found that passive smoking, but not maternal smoking,
correlated with an increased risk of FA in children and adolescents, and this increased
risk became significant when the authors limited their analysis to five cohort studies(54).
It is possible duration and timing of exposure to ETS factor into allergic outcomes. In
this case, the cohort studies analyzed were longitudinal, following infants and children
from anywhere from one to seven years. However, there are no recent reports specifically
examining association between pollution and FA.

In contrast to FA, there has been plentiful research examining the potential connection
between air pollutants, especially PM and AD. Several recent studies have supported the role
of PM,, 5 in contributing to risk of AD as well as exacerbating existing cases of AD(39, 55).
Notably, Kim et al. investigated the impact of indoor PM> 5, which tends to be less studied
than its outdoor equivalent. They reported a positive correlation between concentration

of indoor PM, 5 and symptoms of AD in children younger than 18; this correlation was
observed during the winter and spring (when indoor PM 5 levels were higher), as well as
when indoor temperatures were less than 25.5 degrees Celsius(55). As mentioned earlier,

it is possible these effects could be explained in part by PM> 5’s ability to penetrate the
epidermal barrier, as another study did not conclude an association between PM1q and risk
of AD at 6 to 11 years old(56). However, To et al. did not see a correlation between early
childhood exposure to PM, 5 and odds of AD(57). In terms of prenatal exposure, Yao et

al. found the most sensitive time for prenatal PM exposure (as it relates to development of
AD) is before the epidermal barrier has formed, prior to 20 weeks of gestation(43). Despite
these inconsistencies, a recent meta-analysis by Wang et al. found an overall significant
correlation between both long- and short-term exposure to PM, 5 and AD(58).
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While PM has largely been the focus of recent research on pollution and AD, some studies
have reported on the effects of other pollutants. Hydrocarbon compounds, VOCs, NO,, and
ETS have generally been found to contribute to the risk of AD(37, 40, 50, 59), but there
have been inconsistent findings regarding SO,, O3 and CO(39, 55, 57, 59, 60). In their study
of early childhood exposure to pollutants and risk of AD, To et al. found an association
between risk of AD and early-life O3 and NO, exposure(57). Other recent research has
focused more on the contribution of pollution to existing cases of AD, measuring changes in
symptoms and visits to clinicians. A 2019 study from Noh et al. compared pollutant levels
and their relationship to AD symptoms, reporting that increases in NO,, SO, and CO levels
each correlated with worsened symptoms among children under six, while increases in O3
did not(61). Another report, published by Ye et al. in 2022, found that daily increases in SO,
and NOy, but not Og, contributed to the number of outpatient visits for AD among children
under 8 years old(62). A multicenter study published a 2022 report again supporting

the correlation between NO, levels and outpatient visits for childhood AD; notably, this
report observed a correlation both in cold and warm months, considering seasonality as

an additional variable(63). Together, these mixed findings underscore the need for more
research on SO, O3, and CO. Overall, further studies are needed to consider how the
different pollutants may be functioning individually or in synergy. Also, there are important
caveats to consider when defining each pollutant. For example, VOCs arise both from
natural and synthetic sources, a difference which may impact whether VOCs yield protection
against or exacerbate risk in the case for AD(40). Since the term VOC encompasses a variety
of carbon-based compounds, perhaps specific properties of each compound differentially
affect one’s risk of AD.

Finally, there have been several reports on possible connections between periods of exposure
to air pollutants (pre-conception, prenatal, and in early life) and childhood AR outcomes
(development and symptoms). In a multicenter study, Granum et al. studied prenatal and
early childhood exposure (from birth until 6-11 years) to airborne pollutants, including
NO,, PM1g, PM> 5, and PMgps (Soot particles)(56). Of the prenatal exposures, only PMgpg
was reported to have an association with risk of AR among 6-to-11-year-old children;
interestingly, increased PM,s exposure correlated with decreased risk of AR. Early
childhood exposure to pollutants did not correlate with AR risk(56). Kuiper et al. examined
pre-conceptional exposures to air pollution, reporting that paternal childhood exposure to
O3 and maternal childhood exposure to PMqq correlated with increased offspring risk of
AR(64). Wang et al. reported a stronger correlation between ambient levels of PM, 5 and
PM1g, SO5, NO,, O3, and CO, and the number of outpatient AR visits for children up to
15 years old. All pollutants studied were found to correlate with increased risk of AR(65).
In 2021, Hao et al. in a case-control study found that early exposure to TRAP (including
PM1g, NO,, O3, CO, and SO,) correlated with prevalence of AR in early childhood(66).
Specifically, exposure to PM1g and NO, heightened one’s chances of developing AR in
males or in those with family stress(66). That same year, Guo et al. reported that the
second trimester is a sensitive window during which exposure to NO,, PM1q, and PM 5
significantly increase a child’s odds of developing allergic disease, including AR(67).
Most recently, Liu et al. reported among 3-to-6-year-old children that pre-conceptional
and prenatal as well as current exposure to outdoor air pollutants significantly correlated
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with fall symptoms of AR(68). Wu et al. did not find an association between ambient air
pollutants (PM> 5, PM1g, NO,, and SO,) and increased risk of AR-related outpatient visits
for children (69). Overall, these studies point towards a correlation between air pollution
and childhood AR, but due to the variety of exposure periods and outcomes measured, more
research is needed to fully elicit a connection.

Greenness can be defined as the amount of flora in each region. This flora has numerous
benefits for health, both physical and mental, via means such as promoting physical
activity and reducing stress(70). The normalized difference vegetation index (NDVI) is a
commonly used proxy for greenness, which uses visible and near-infrared light reflection
(obtained from satellite imagery) to calculate the density of vegetation(71). It is important
to acknowledge that NDVI fails to capture which species of flora are present(72, 73),
limiting the ability to evaluate the potential impact of biodiversity on allergic outcomes.
Vegetation varies across geography, and certain species may have greater effects than others.
Biodiversity is important in the discussion of atopic disease; the biodiversity hypothesis
proposes that diverse vegetative and microbial exposures benefit the gut microbiome

and immune system development, and thus may contribute to protection against allergic
disease(74, 75). There are still other limitations of NDVI. This assessment does not

collect behavioral information(42), such as amount of time spent outside. Thus, NDVI
should be used in combination with lifestyle questionnaires and/or other measures of
outdoor exposure. Additionally, vegetation density may fluctuate seasonally, so researchers
must take caution to consider seasonal values when applicable, rather than annual
averages. An alternative, more recent proxy for greenness is Light Detection and Ranging
(LiDAR) imagery(76, 77). Much like NDVI, LiDAR imagery analyzes extent of greenness
using aerial images, but its laser-based method provides higher-resolution imagery and
differentiates between types of land cover, from categories such as trees, grass, and bodies of
water(72, 78).

There have been several proposed mechanisms for the role of greenness in atopic disease
development. One is the type of greenness present; grass coverage and tree canopy
coverage may impact the distribution and spread of pollen differently, affecting amounts

of aeroallergen exposure(72). Notably, plants also naturally generate VOCs, which can be a
component of air pollution(40, 79). Yet greenery may also be protective against the negative
effects of air pollutants, via absorption(79), so it is difficult to conclude whether greenness
ultimately exacerbates or mitigates the harms of air pollution and may vary by geographic
location. Other explanations attempt to elicit a connection between greenness and the
microbiome, drawing upon the biodiversity hypothesis(75). For example, a diverse array

of plants and trees may expose individuals to an equally diverse array of microorganisms
and aeroallergens that results in protection against sensitization and allergy(74).

Recent studies have reached differing conclusions as to whether greenness is protective
factor or a risk factor for allergic disease, most recent findings are highlighted in Table
2. To fully understand where the discrepancies lie, it is important to break down findings
by type of greenery (namely, grass versus trees) and by allergic outcome (pollen versus
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other types of sensitization). Additionally, as mentioned earlier, conflicting results may

be due in part to methodological and analytical inconsistencies. Previous reviews have
discussed the body of mixed evidence as to whether greenness is associated with allergic
sensitization. In their 2018 systematic review, Lambert et al. (80) could not conclude
whether an association exists. Since then, Markevych et al. used birth home addresses to
find that living near more allergenic trees correlated with increased risk of aeroallergen
sensitization (measured at 2, 6, 10, and 15 years), though their results for food sensitization
specifically were inconsistent(81). Considering that grass and other greenery produce pollen,
this might explain why higher amounts of greenery have sometimes been related to a

higher risk of sensitization. Yet Gernes et al. found differing roles of grass and trees —
proximity to grass, but not trees, was associated with an increased risk of sensitization at age
7(72). Additionally, indirect pathways of sensitization should not be ruled out; for instance,
greenness may be associated with allergic sensitization by means of allergen cross-reactivity.
For example, peanut allergen Ara h 5 has been found to share structural similarities to birch
pollen allergen Bet v 2(82). Thus, exposure to pollen allergens may prompt an IgE-mediated
response to similarly-structured food allergens(82).

Overall, there is limited research looking at greenness and FA(42). The Australian
HealthNuts study was the first to explore whether residential greenness (as measured by
NDVI) might be implicated in one’s risk of challenge-confirmed FA(74). The study found an
association between increased NDVI and risk of allergy to peanut and egg in children(74).
The researchers did not observe the same trend with sesame allergy, but their results may
have been affected by the low rate of sesame allergy in their cohort(74). Additionally, the
authors noted the effect of increased NDVI was augmented in areas of high pollution, but
not in areas with lower levels of pollution(74); the interplay between greenness and air
pollution makes it difficult to study either in isolation. The HealthNuts study is the only
investigation of a connection between greenness and FA. It will be important to examine
the effect of greenness on other food allergies, such as to cow’s milk, as well as the use of
LiDAR in studies.

Recent reports have produced conflicting conclusions about greenness and risk of AD
compared to previous literature. Previously, a study from 2015 found a short-term forest
exposure correlated with decreased scoring AD (SCORAD) indices as well as decreased
levels of Macrophage-Derived Chemokine (MDC)/CCL2 among 7-to-12-year-old urban
children with AD(83). Additionally, a 2018 study of mothers and infants found that

more greenness near the families’ residences helped mitigate the risk of prenatal pollution
exposure on AD risk in infancy(84). In contrast, another study in 2019 by Li et al. found no
correlation between either greenness (measured by NDVI) or distance to a park with AD in
adolescents, most between the ages of 12 and 15(71). Research by Parmes et al. supported
this finding(79). Further research is needed.

Regarding association between greenness and AR, there have been mixed findings. A 2019
study looked at AR outcomes by 7 years of age, including sensitivity to both outdoor and
indoor allergens associated with AR(72). This study found no association between greenness
and AR; however, their inclusion of indoor allergens may have influenced this result(72). In
the aforementioned 2019 report from Li et al., the authors also looked at greenness (NDVI)
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and distance from the nearest park as they related to AR(71). While seasonal NDVI was not
found to be associated with AR, distance from park inversely correlated with AR symptoms,
though the authors did not collect data on participants’ park usage(71). A 2020 study by
Kuiper et al. looked at maternal and paternal childhood exposure to greenness and found
limited evidence for an association with offspring AR(64). Another 2020 study measured
greenness via land cover data rather than NDVI and found that a 10% increase in greenspace
correlated with increased odds of AR(79). Dzhambov et al. found in 2021 that less greenness
(measured by NDVI and distance to nature, a new measure) correlated with aggravated AR
symptoms in school children aged 8-12(85). Markevych et al. sought to define trees by
allergenicity, reporting that children who grew up near trees, especially allergenic ones, were
more likely to later develop AR(81). Overall, these findings contribute mixed conclusions to
the discussion of greenness and AR.

Overall, the lack of a standardized, comprehensive measurement for greenness presents a
challenge to researchers. Such methodological and analytical variation may partly explain
inconsistencies in results among different studies. Future research should aim to optimize
and standardize measures for greenness so that future studies may be compared more
directly.

Farming/rural lifestyle

While the growing prevalence of AD, FA, and AR continues to be a concern, several studies
have suggested that not all individuals may be at risk. Initial studies from Europe(86-88)
and America(89, 90) have demonstrated an association of rural/farm living and protection
against sensitization and allergy. The most recent work is highlighted in Table 3. Recently,
several reports have looked at the rural versus urban environment impact on sensitization

in South Africa. Two 2019 studies reported that urban infants from the South African

Food Allergy (SAFFA) cohort were found to have an increased prevalence of food and
aeroallergen sensitization compared to those in rural South Africa(91, 92). A later study
examined which factors may contribute to a decreased prevalence of sensitization in rural
children(93), finding that contact with farm animals was associated with decreased rates of
food and aeroallergen sensitization(93). The Copenhagen Prospective Study on Asthma in
Childhood (COPSAC) cohort from Denmark found that infants who spent their first year of
life in an urban environment had an increased prevalence of aeroallergen sensitization at 6
years(94). However, food sensitization prevalence was not different between rural and urban
children(94). Our pilot studies(95, 96) and follow-up studies compared atopic outcomes in
infants from the traditional farming Old Order Mennonite (OOM) community of Western
New York and infants, at high-risk for allergic disease, not living on farms. We observed

an increased proportion of sensitization in non-farm infants to egg white compared to OOM
infants at 12 months(97).

Only recently have studies started to examine the relationship between rural/farm lifestyle
and FA. In the SAFFA cohort, FA prevalence was increased in urban children(91, 92).
Again, child contact with farm animals was associated with decreased rates of FA(93).
Notably, maternal exposure to farm animals was also found to be protective against FA,
suggestive of a prenatal farm effect that has been previously reported(93, 98, 99). Through
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surveys, we showed that individuals from the OOM community had a lower self-reported
allergy to several foods, including shellfish, peanut, wheat, and fish, compared to non-farm
individuals(96). More recently, we found a lower prevalence of FA by 12 months in OOM
compared to non-farming infants; the majority of the non-farm infants with FA were allergic
to egg(97).

While there are examples demonstrating the protection of the rural/farm lifestyle against
AD(87, 88, 100), there are several observations where it appears this environment did not
confer protection(86, 101, 102). Inconsistencies in this relationship can be due to variability
in the type of rural or farm environment, types of farm animals, as well as whether studies
examined the role of the maternal prenatal effect. Nonetheless, recently, in the SAFFA
cohort, urban infants were found to have an increased prevalence of AD(92). Within the
urban arm of the cohort, consumption of fermented milk appeared to protect against the
development of AD(93). In the COPSAC cohort, the authors reported a trend towards
increased eczema in urban infants by age 6, but this association was not significant after
adjusting for lifestyle features (socioeconomics, pet ownership, older siblings, etc.)(94).
Since the initial study of Amish children(89), there has been limited evaluation of the
rural/farm environment and AD outcomes in America. Recently, authors found a reduced
incidence of AD through the first 2 years of life in farm infants in the Wisconsin Infant
Cohort Study (WISC) cohort(103). In this study, authors created patterns of farm exposure
based on the diversity of farm animal contact, and they found that the more diverse the
animal contact pre and post birth, the less likely infants were to develop AD(103). Similarly,
in our own infant cohort, there was a lower prevalence of AD by 12 months in the OOM
compared to non-farm counterparts(97).

In the SAFFA cohort, an increased prevalence of AR was also identified in the urban
cohort(92). Similar to AD, consumption of fermented milk protected against AR among

the urban children (92). In the COPSAC the authors initially found an increased prevalence
of AR among urban infants; however, after adjusting for lifestyle features as mentioned
previously there was no difference(94). Two recent studies examined AR prevalence and risk
factors among 6-to-12-year-old children in China(104, 105) and demonstrated that living

in a town/metropolis before the age of 2 was found to be a risk factor for AR(104, 105).
Authors from the German GABRIEL study also reported a relationship between farm living
and less symptoms of AR among 6-to-11-year-old children(106). Moreover, as this cohort
aged into early adulthood (20-25 years), both farm and non-farm adults” AR prevalence
doubled. Yet, the prevalence remained higher among the non-farm adults(106). Notably, the
authors found similar odds of AR between those who remained on the farm from childhood
to adulthood and those who moved away after childhood, suggesting that the potential
window of protection of the farm lifestyle is mainly in childhood(106).

The protective nature of the farm lifestyle continues to be explored. Practices such as the
consumption of raw unpasteurized milk and as mentioned previously, contact with farm
animals and their stables, have been reported as protective(86, 88, 107). These practices,
among others, may result in more diverse and/or enriched microbial exposures, which have
gradually been diminished in more westernized regions(108-110). For example, several
studies have examined how the microbial composition in house dust relates to sensitization
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and allergy. In one study using samples from the SAFFA cohort, the authors found no
difference in home dust fungal p-glucan among children with different environments (rural/
urban) and with or without AD(111). However, they did find that house dust of children
with AD from both rural and urban environments had lower levels of endotoxin; suggesting
endotoxin exposure may play a role in protection against AD(111), which has already

been suggested by earlier studies on asthma(90). Notably, house dust samples from this
cohort were further examined by 16S sequencing(112). Compared to controls, house dust of
children with AD had a decreased relative abundance of several taxa including Clostridiales,
Ruminococcaceae, and Bacteroidales(112). Moreover, within the rural arm of this cohort,
AD and control children’s house dust microbiomes clustered separately. The authors found a
decreased abundance of these aforementioned taxa in house dust of rural children with AD,
while there were no differences in the dust microbiomes between AD and control children
from the urban environment(112).

There have been reports of altered gut microbiome in AD, FA, and AR(113-115), but the
contribution of the rural/farm lifestyle is limited. Limited data suggest that farm lifestyle
was associated with estimated gut microbiome age at 12 months that was protective against
asthma in school-aged(116). We recently found that the gut microbiome in OOM infants

at 2 months differed from that of non-farm infants(117). OOM infants were enriched with
Bifidobacterium longum ssp. infantis (B. infantis)(117), which the gradual loss of this
bacteria parallels the rise of allergic atopic disease in many industrialized regions(118, 119).
It is thought that Bifidobacteria can induce various immunoregulatory effects protecting
against sensitization and allergy(120). A 2021 report from the COPSAC cohort found
differences between the gut microbiomes of rural and urban infants(94). Notably, the
urbanized gut microbiome profile at 1 week was found to associate with eczema and
sensitization at 1 year(94). Together, these microbial exposures from the dust and gut
reflective of the biodiversity hypothesis(75) and could influence downstream immune
responses during allergen encounters. Following up on human studies, Schuijs et al. found
that mice treated farm dust extract were protected against allergy mediated by lung epithelial
induction of NF-xB negative regulator A20(121). Thus, components in farm dust have

the capacity to modulate immune signaling to blunt aberrant responses. Differential innate
immune signaling(90) and expression of TLR receptors(98) have been described in farm
children. Increased frequency and function regulatory T cells which can be utilized to
regulate immune responses have been reported in farm-exposed infants/children as well(122,
123). Additionally, studies from the Swedish FARMFLORA birth cohort have suggested that
farm exposure induces enhanced B cell maturation(124, 125). Overall, rural/farm exposure
can induce a differential innate and adaptive immune responses leading to protection against
sensitization and allergy development(108).

Following up on associations in human cohorts, animal studies have suggested that
bioactive components (cytokines, microbes, proteins, etc.) found in raw cow’s milk induced
anti-allergic responses otherwise diminished by pasteurization(126-128). One pilot study
examined how children with cow’s milk allergy react to consumption of raw cow milk(129).
In a small oral provocation pilot of 11 children, subjects were able to tolerate, on average,
50mL of raw milk compared to 8.6mL of pasteurized shop milk(129). Further studies are
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needed to examine the impact of raw cow’s milk on human cells and its capacity to induce
anti-allergic responses.

Conclusion

The growing prevalence of AD, FA, and AR continues to impact allergic individuals

and their families. While there is a role for genetics, environmental exposures are strong
determinants of the recent rise. Specific factors such as air pollution, greenness, and rural/
farm lifestyle appear to have a role in sensitization, FA, AD, and AR, which continues to

be defined (Figure 1). Most studies have examined the impact of singular environmental
exposures. Importantly, as in the case of air pollution and greenness, those exposures

can be further subdivided. While this research has provided useful information and has
supported some associations, it is more likely that these environmental exposures and
others work in conjunction. Recently, researchers have argued for the consideration of the
exposome, an individual’s comprehensive set of environmental exposures since conception,
including but not limited to external allergens and pollutants, host microbiota, and broader
social, psychological, and economic factors(130, 131). The exposome approach would better
account for the relationship between related variables; for example, the combined presence
of grass, wind, and the spread of pollen may together contribute to allergic outcomes. Or a
relationship may be observed between exposures; perhaps greenness mitigates air pollution.
Alternatively, the rural/farm environment would likely contain a differential profile of air
pollutants and greenness that may need to be accounted for. Furthermore, factors such as
socioeconomic status may affect one’s environmental exposures. Financial resources may
afford families the ability to live in less polluted, greener areas. In the case of the HealthNuts
study, adjusting for socioeconomic status (SES) revealed that infants residing in high

SES areas had lower risk for peanut allergy compared to their low SES counterparts(74).
Considering the association between SES and diet, it is particularly important to control for
SES when studying food sensitization and food allergy. Logistically, a systematic approach
to environmental exposures may be difficult to analyze, but more attempts to capture
comprehensive information are needed.

Conflicting findings can be explained by potential variations in how exposures are defined
as well as limitations of currently available tools for exposure measurements - for example,
NDVI and LiDAR(71, 76). Also, several of these environmental exposures may have a
maternal prenatal effect that can influence infant/child allergic outcomes(36, 93) which
needs to be considered. Gestation and early infancy are key periods of physiological
development; it will be important to continue to elicit differences in effect between prenatal
and postnatal environmental exposures. ldentifying sensitive exposure windows even before
birth could ultimately aid in establishing mechanistic explanations and perhaps even future
interventions.
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Figure 1. Environmental exposures’ impact on infant/child development of allergy.
The association between the risk for development of allergy and the select environmental

exposures of air pollution, greenness, and rural/farm lifestyle continues to be explored.
These exposures likely mediate their effect through interactions with the skin and
microbiome and converge at the immune system. Figure created with BioRender.com
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Table 3.

Rural/farm exposure and atopic outcomes (only papers from 2019 until present)

Atopic outcome

Exposure Author, Year | Country evaluated Findings
Food sensitization and FA is lower in the rural S. African children (1-3yr),
Botha, 201991 | S. Africa | Sensitization, FA | raw egg white was the most common allergen urban infants were reactive
to.
. Sensitization, FA, | Increased prevalence of food and aeroallergen sensitization, AD, and AR
92 ) ) ’ ,
Botha, 2019 S. Africa AD, AR in urban children (1-3yrs).
Rural children with farm animal contact, lower prevalence of food and
Sensitization. FA aeroallergen sensitization and FA compared with those without contact.
Levin, 20209 S. Africa AR ADY ' | Rural mother’s exposure to farm animals also associated with lower food
' sensitization and FA in children. Within the urban cohort, consumption of
fermented milk associated with lower rates of AR and AD.
Phillips Decreased prevalence of allergy against several foods including shellfish,
202096’ U.S. FA tree nut, and egg in Old Order Mennonite (OOM) children (1-17yrs)
compared to NHANES.
: Living in towns or metropolis before 2 years old are risk factors for AR in
104
Tong, 2020 China AR 6-12yr children in the city of Wuhan.
) Decreased prevalence of AD among farm children at 2yrs. Creation of
Rural/farm Steiman, us AD farm exposure profiles based on diversity of farm animal contact of
2020103 ~ child and mother; found inverse relationship between exposure and AD
in children.
Infants who spent their 1st year of life in an urban environment had a
Lehtimaki Eczema, higher prevalence of aeroallergen sensitization at age 6. Urbanized gut
20219 ! Denmark | sensitization, AR, | bacteria profile at 1 wk was associated with eczema, while the profile at
FA 1 yr was associated with “any sensitization”. AR was no different after
adjustments for lifestyle features and there were no differences in FA.
At baseline (6-10yrs) there is a reduced prevalence of AR in children
Strieker, German AR living on a farm. No additional protection is gained by continuing to
2022106 Y live on farm after childhood, highlighting the importance of early farm
exposure.
- - At 12 months, OOM infants were more sensitized to egg white compared
Jgr(\)g;g? ' uUs. Sensmi.'\agon, FA, to non-farm infants. In addition, there was an increased prevalence of AD
and FA in non-farm infants.
Among 5 cities of the Hubei Province, living in a town or urban area
Tong, 2022105 China AR before 2 years old is a risk factor for allergic rhinitis in 6-12yr children.

Wauhan, the capital city was found to be a risk factor as well.

AD, atopic dermatitis; AR, allergic rhinitis; FA, food allergy
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