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Abstract | Numerous epidemiological studies have shown that children who grow
up on traditional farms are protected from asthma, hay fever and allergic
sensitization. Early-life contact with livestock and their fodder, and consumption
of unprocessed cow’s milk have been identified as the most effective protective
exposures. Studies of the immunobiology of farm living point to activation and
modulation of innate and adaptive immune responses by intense microbial
exposures and possibly xenogeneic signals delivered before or soon after birth.

The prevalence of asthma, hay fever, atopic
dermatitis and allergic sensitization is higher
in affluent, Western countries than in devel-
oping countries. A rise in the prevalence of
these conditions has also occurred in the last
decades of the twentieth century'. From a
global perspective, some comparisons seem
particularly informative and studies of popu-
lations with comparable ethnic backgrounds
but striking differences in environmental
exposures may be especially revealing. In
many developing countries, westernization
accompanies urbanization and thus reflects
a loss of rural living conditions.

In Europe, studies comparing rates of
childhood asthma and hay fever in urban
and rural areas have been inconclusive?.
However, large differences in the prevalence
of childhood asthma, hay fever and atopic
sensitization exist in rural areas. As we
discuss here, children from rural areas who
grow up on farms are at a significantly lower
risk of developing these conditions than chil-
dren who live in the same rural area but do
not grow up on farms. This protective ‘farm
effect’ is seen for both the atopic and non-
atopic phenotype of childhood asthma®* and
has been shown to be sustained into adult
life. Many of the studies that primarily inves-
tigated childhood farm exposures (TABLE 1;
Supplementary information S1 (table))
were carried out in Switzerland, Austria and
Germany*® where, traditionally, farming has
been the main source of subsistence.

In these areas, most farms are involved
in dairy production, but may also keep
other animals, such as horses for horse-back
riding, pigs for meat and poultry for egg
production. In addition, some farmers raise
sheep and goats. Most farmers also grow
fodder material such as grass, corn and
grain and many farm houses store this fod-
der and accommodate people and animals
in close proximity under one roof. Most
farms in these areas are non-industrialized
and family-run. Furthermore, women are
involved in stable and barn work before,
during and after pregnancy and children as
young as a few days are taken into stables,
where mothers can look after them while
working. Therefore, most farm children
will have been exposed to stable and barn
environments up to entry into kindergarten
(at approximately 3 years of age) and many
will have been exposed continuously until
adolescence and beyond.

In this article, we discuss three main
aspects of the farm effect. First, protective
environmental exposures that are inhaled
and ingested by exposed individuals have
been identified. Second, the study of farm
populations has pointed to the time period
in which these exposures are effective for
mediating the farm effect. Third, immune
response studies in farm children and
experiments in animal models have identified
components of the protective immunobiology
of farm exposures.

Allergy-protective farm exposures
Several studies have identified some of

the exposures associated with a farming
lifestyle that contribute to the reduced risk
of asthma and allergies in farm children,
namely contact with livestock, mostly cat-
tle, pigs and poultry; contact with animal
feed such as hay, grain, straw and silage;
and the consumption of unprocessed cow’s
milk*®°. These exposures had an independ-
ent protective farm effect, which indicates
that inhalation and ingestion are the two
main routes of exposure. Other differences
in lifestyle, such as duration of breast feed-
ing, family and sibship size, day care, pet
ownership, other dietary habits, parental
education and a family history of asthma
and allergies, did not account for the pro-
tective farm effect. However, the timing of
this exposure was crucial, with the strongest
effects observed for exposures that occurred
in utero and during the first years of life”'".
Maternal contact with increasing numbers
of farm animal species'®'?, work in barns'""
and stables'*", and the consumption of
unprocessed cow’s milk during pregnancy'?
were shown to be the relevant protective
exposures. Furthermore, a study based

in New Zealand showed that continued
exposure to farm animals and hay or grain
products from pregnancy to school age
conferred the strongest protection’.

Unprocessed cow’s milk. Medical guid-
ance in Europe is strongly prohibitive of
consumption of raw cow’s milk on the
basis of reports of disease outbreaks from
exposure to pathogenic bacteria in unpas-
teurized milk. Nevertheless, dairy farming
families still use unprocessed milk, even
for pregnant women and infants. Five
studies have shown a protective effect of
unprocessed milk on the development of
asthma, hay fever, allergic sensitization and
atopic dermatitis*”'>'*"'°. The cow’s milk
that is used for commercial purposes has
been pasteurized and homogenized. In
most countries, pasteurization is achieved
by heating the milk for a short period
(~72-75°C for up to 30 seconds) to signifi-
cantly reduce the level of microorganisms
in the milk. In the homogenization proc-
ess, fat globules are broken up to produce
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Table 1| Studies primarily investigating the effect of childhood farm exposures

Country Age Asthma Wheeze Hayfever Hayfever Atopic Atopic AHR Refs
diagnosis symptoms dermatitis sensitization
Europe
Switzerland 6-15 4 U d U 4 U - 5
Finland 18-24 \ - U = - - - 59
Austria, Germany, the Netherlands, ~ 5-13 U U U U J U - 60
Sweden and Switzerland
Southern Germany 5-7 J U U 4 J = = 8
Sweden 7-8 U - - U l - - 61
Austria 8-11 - - - = = U - 62
Austria 8-10 U U U U VAN U - 6
Denmark 17-26 4 4 4 - = U U 63
The Netherlands 20-70 l - U - = = = 64
Germany 18-44 4 4 U - - U J 65
Finland 20-44 - - = = = \: = 66
UK 4-11 U - U = s \ - 14
Northern Germany 18-44 U = U = J - - 67
Eastern Finland 6-13 = = = - - U - 68
Sweden 17-20 U - U - J - - 69
Austria, Germany and Switzerland ~ 6-13 U - = U = U - 3
Tyrol, Austria 6-10 U - = = = = = 70
Gothenburg, Sweden 16-20 U T - = = = = 71
West Gothia, Sweden 16-75 = = = 4 = - - 72
Turku, Finland 18-25 U - - - = = 4 73
Belgium, France, the Netherlands, 20-44 4 4 - U - U - 74
Sweden and New Zealand
Australasia
Australia 7-12 Lorl Lorl d - J = = 75
New Zealand 7-10 d \ N - J A - 15
New Zealand 5-17 U U U - U - - 9
New Zealand 25-49 U U = U J - - 24
North America
Canada 0-11 U - - - - - - 76
British Columbia, Canada 8-20 U \ U - Y = = 77
USA 20-88 U = = = = = = 78
Quebec, Canada 12-19 U y = = - U U 79
Wisconsin, USA 4-17 U U U = = = - 80
lowa, USA 0-17 {f = - = = \ \ 81
lowa, USA 6-14 J J = - - — _ 82

See Supplementary information S1 (table) for an extended version of this table. {, reduction in risk not reaching statistical significance; U, reduction in risk reaching
statistical significance; T, increase in risk not reaching statistical significance; <>, no farm effect; -, not determined; AHR, airway hyperresponsiveness.

a standardized fat content of milk and to the original milk fat globule membrane from the milk serum at the oil-water
prevent the separation of a cream layer. (MFGM) because the concentration of interface occurs to cover this increase in
Homogenization causes a reduction of native MFGM is insufficient to cover the surface area and the new MFGM consists
fat globule size and a concurrent increase fat surfaces that are formed during homog-  of native MFGM plus adsorbed proteins

in the milk fat surface area, which alters enization'’. Adsorption of new material (casein and lactoglobulins), which are the
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main allergens in cow’s milk. Thus, both
the pasteurization and homogenization of
cow’s milk might abolish the asthma- and
allergy-protective effects.

Microbial exposures. It is well known that
in addition to plant material from grass,
grain and corn, a large variety of bacteria,
fungi and their compounds are abundant
in animal sheds'. Exposure to grass pollen
and other plant-derived substances, such as
the water-soluble polysaccharides arabinoga-
lactans, is extremely high in cowsheds, par-
ticularly during cattle feeding with grass and
hay'®". The levels exceed outdoor concentra-
tions and children are exposed continuously.
Children also bring their microbial exposures
into the indoor environment, where micro-
organisms and their compounds settle in
floor and mattress dust®. Thus, mattress dust
can be regarded as a reservoir that reflects an
individual’s long-term microbial exposure in
indoor and outdoor environments.

Several studies have assessed the health
effects of microbial exposures by measuring
the markers of bacterial and fungal exposures
in mattress dust. Endotoxin (that is, lipopoly-
saccharide) is a cell-wall component of Gram-
negative bacteria, and the levels of endotoxin
have been inversely related to allergic sen-
sitization but positively related to asthma
and wheeze?'. Muramic acid is a component
of peptidoglycan (a cell-wall component of
all bacteria that is more abundant in Gram-
positive bacteria) that has been shown to have
strong inverse relationships with childhood
asthma and wheeze®. Extracellular polysac-
charides derived from Penicillium spp. and
Aspergillus spp. are specific carbohydrates that
are secreted or shed during growth of these
fungi, and their presence has been inversely
related to asthma and wheeze***. It remains
unclear whether the diversity, dose or expo-
sure only to certain microorganisms account
for these protective effects. New metagenomic
approaches to assess bacteria and fungi inde-
pendently of culture methods will help to pro-
vide answers to these questions in the future.

Immune responses in farming populations
Innate immunity at school age. Biological
studies of human environments typically seek
cellular and molecular signatures of a given
exposure to identify the pathways that are
targeted by that exposure in vivo. In the case
of farming, research was initially shaped by
the hypothesis that the innate immune sys-
tem senses the signals delivered by the high
microbial burden associated with farming
and transmits these signals to the adaptive
immune system. Early analyses in school-age
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Box 1| European studies examining the effect of farm living on asthma and allergy

The allergy and endotoxin (ALEX) study was a cross-sectional study of more than 900 school-aged
farm and non-farm children living in rural areas of Switzerland, Germany and Austria that was

conducted in 1999.

The prevention of allergy, risk factors for sensitization related to farming and anthroposophic
lifestyle (PARSIFAL) study was a cross-sectional study that was conducted in 2000-2002 and
included more than 8,000 school-aged farm and non-farm children living in rural areas of Austria,
Germany, the Netherlands, Sweden and Switzerland.

The protection against allergy: study in rural environments (PASTURE) was a birth cohort study
carried out in rural areas of Austria, Germany, Switzerland, France and Finland that enrolled more
than 500 pregnant farm and more than 500 pregnant non-farm women in 2002. The children of
these mothers were followed prospectively until 6 years of age.

children enrolled in the allergy and endotoxin
(ALEX) study (BOX 1) showed that peripheral
blood cells from farm children expressed
significantly higher levels of CDI4 and Toll-
like receptor 2 (TLR2) mRNA than cells from
non-farm children®. Because the epidemio-
logical evidence strongly indicated that the
protective effects of farm living mostly occur
prenatally and/or in early life, the association
between farm living and pattern-recognition
receptor (PRR) expression was re-examined
in the prevention of allergy, risk factors for
sensitization related to farming and anthro-
posophic lifestyle (PARSIFAL) study (BOX 1),
in which extensive questionnaire-based
information was gathered about maternal
exposures during pregnancy?. This analysis
not only confirmed the increase in CDI4 and
TLR2 expression among farm children, but
also showed an increase in TLR4 in these chil-
dren and indicated that exposure of pregnant
mothers to stables, rather than exposure of
their infants during childhood, was associated
with this enhanced PRR expression®.
Perhaps even more suggestive was the
detection of a dose-response relationship in
the association between the number of farm
animal species encountered by the mother
during pregnancy and the levels of TLR2,
TLR4 and CDI14 mRNA expression in the
child’s peripheral blood cells at school age*.
Collectively, these studies indicated that pre-
natal and/or early life exposure to the rich
microbial environment of traditional farms
induces an upregulation of innate immunity
receptors that is both robust and long-lasting.

Adaptive immunity at school-age. The
immunoregulatory effects of farming are

not confined to innate immunity. A recent
study explored the effect of farm exposure on
allergen-induced class-switch recombination.
To this purpose, IgE and IgG responses to
major inhalant allergens (grass, cat hair and
house dust mites) were evaluated in school
children enrolled in the ALEX study®. This
analysis revealed unexpected complexities

in the effects of farm exposure on antibody
production. Indeed, farm living did not affect
the prevalence of IgG2 and IgG3 isotypes,
but strongly protected against the develop-
ment of IgG1, IgG4 and IgE antibodies (the

T helper 2 (T,;2)-dependent immunoglobu-
lin isotypes) elicited by both grass and cats.
However, the prevalence of IgE specific for
house dust mites was slightly, but signifi-
cantly, increased among farm children. The
mechanisms underlying these responses need
further clarification, but the finding that the
protective effects of farm exposure are spe-
cific to certain allergen and immunoglobulin
isotypes indicates that distinct allergenic enti-
ties trigger distinct response pathways, which
differentially interact with farm-derived
protective agents.

Neonatal immune responses. The immuno-
logical analyses initially performed in
school-age farm children were subsequently
extended to newborn babies to characterize
the contribution of prenatal exposures to the
asthma-protective effects of farming. The
protection against allergy: study in rural envi-
ronments (PASTURE) birth cohort study®
(BOX 1) was designed to evaluate the effects
of maternal farm-related exposures during
pregnancy on IgE responses in the offspring.
Seasonal allergen-specific IgE responses
were significantly more prevalent in cord
blood from infants whose mothers had not
been exposed to animal sheds and grass, and
were strongly associated with reduced pro-
duction of the T, 1 cell-associated cytokine
interferon-y (IFNy) by cord blood cells

after stimulation with phorbol 12-myristate
13-acetate (PMA) plus ionophore?®.

Of note, significantly higher levels of
IFNy and tumour necrosis factor (TNF) were
secreted by cord blood mononuclear cells
from farm infants compared with
non-farm infants, whereas the T2 cell-
associated cytokine interleukin-5 (IL-5),
the regulatory cytokine IL-10 and the
T, 1-inducing cytokine IL-12 were
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unaffected”. Again, maternal contact with
multiple animal species and barns during
pregnancy enhanced this production of

TNF and IFNy by infants. Consumption of
butter made from unprocessed milk during
pregnancy also had striking positive effects
on TNF and IFNy production by newborns.
Interpretation of the cytokine patterns
detected in the PASTURE population is com-
plex because these studies were performed on
unfractionated cord blood cells treated with
nonspecific stimuli. Therefore, the cellular
source (or sources) of the cytokines remain
undefined. However, these results confirmed
that maternal exposure to farming activities
during pregnancy has a profound effect on
the cytokine-producing capacity of the
offspring at birth.

Recent immunological analyses of an
additional birth cohort confirmed and
extended these findings by exploring the
hypothesis that the allergy-protective effects
seen in children of mothers exposed to a farm
environment during pregnancy may involve
regulatory T (T, ) cell activation'. Indeed,
cord blood CD4*CD25" T, cells from chil-
dren born to stable-exposed mothers were
both more numerous and more efficient in
suppressing T cell proliferation. Furthermore,
allergen-induced levels of IL-5 were decreased
and IL-6 levels were increased, whereas IL-17
secretion was unaffected. Most notably,
maternal exposure to increasing numbers of
farm animal species substantially enhanced
the expression of the T, cell marker glu-
cocorticoid-induced TNF receptor (GITR)

and the secretion of IFNy by cord blood cells
in response to allergen and peptidoglycan''.
Although the population sample size was
small and the work essentially exploratory,
these results reiterate the intriguing rela-
tionship between immunomodulation and
number of animal species to which mothers
are exposed during pregnancy, and highlight
the potential role of IFNYy as a key mediator
of the farm effect (see below).

Immunobiology of farming: a model
Although the studies discussed above are
diverse in their design and results, they
nevertheless identify several cornerstones
of a working model of the immunobiology
of farming (FIC. 1). The timing of exposure
seems to be crucial: pregnancy and early life
represent a biological window of opportunity
for shaping subsequent immune reactivity.
Moreover, contact with multiple animal spe-
cies during pregnancy is positively associ-
ated with T, cell activity and production of
IFNY at birth and with expression of innate
immune receptors during childhood.

In mechanistic terms, the extreme biologi-
cal diversity of a traditional farm environ-
ment, and particularly the elevated numbers
of animal species that typically live on those
farms, are likely to result in a microbial pres-
sure that may have few equals in the Western
world. We propose that this rich and diverse
microbial burden functions through the
innate immune system and the secretion
of the T, cell-promoting cytokine TNF*
to direct vigorous T, _ cell activation and

Contact with multiple
farm animal species  |**«

School age

Consumption .
of farm milk

|

T Treg cells
TIFNy

Microbial exposure

Xenogeneic pressure?

L Risk of asthma
and hay fever

T TLR2, TLR4, CD14

{ T,2-dependent
antibody response

T Antiviral immunity?

Figure 1| A working model of the immunobiology of farm exposure. Contact with multiple animal
species, combined with consumption of farm milk, results in strong microbial exposure of, and possibly
xenogeneic pressure on, women who carry out farming duties during pregnancy. These combined expo-
sures, which occur ata crucial time for programming immune responses, upregulate regulatory T(T, ) cell
function and interferon-y (IFNy) production at birth, which in turn enhance innate immune responses
(through increased expression of pattern-recognition receptors), and dampen T helper 2 (T ,2) cell-
dependent allergic inflammation in early childhood. Exposure to animals and farm milk in early life
reinforces the protective effects of prenatal exposures. The ability to produce high levels of IFNy at
birth may also ensure effective responses to respiratory viral infections in early life, thereby counter-
acting the contribution of these infections to increased asthma susceptibility. TLR, Toll-like receptor.

expansion. These, in turn, balance adaptive
immune responses and dampen allergen-
induced, T2 cell-associated cytokine produc-
tion and T ;2 cell-dependent IgE production.
According to this model, several key effector
mechanisms of allergic inflammation are
inhibited by the immunoregulatory proper-
ties of farm-associated microbial exposures
(FIC. 2). A decrease in IL-4 and IL-13 expres-
sion levels decreases IgE class switching and
relieves the T2 cytokine-dependent inhibi-
tion of CD14 expression®"*. This leads to
further enhancement of PRR expression and
amplification of innate immune responsive-
ness, which in turn favours non-T, 2-type
immune responses. Therefore, maternal expo-
sure to farm animals might represent a model
of natural immunotherapy in which delivery
of a strong innate immune stimulation at

the time of initial allergen exposure activates
regulatory networks that confer a long-lasting
balance to the child’s immune responsive-
ness'’. Indeed, the increase in PRR expression
detected in school-age farm children testi-
fies to the persistence of the immunological
effects of early farm exposure.

IFNYy is central to our model because this
cytokine functions as a master regulator of
allergy and asthma risk. Low IFNy expression
levels at birth are known to be associated with
an increased risk for the later development of
allergic symptoms and atopic disease***, and
low IFNY in the first year of life is a strong
predictor of airway obstruction during child-
hood®. Therefore, the ability of maternal
farm exposure to increase IFNy expression
during the critical time at which a child’s
immune system is programmed may be
essential for the allergy-protective effects of
farming later in life. This raises an important
question: what are the mechanisms underly-
ing IFNy upregulation in newborns of moth-
ers exposed to multiple farm animal species?
This question cannot be definitively answered
until the cellular source (or sources) of neo-
natal IFNy are identified, but the existing data
are compatible with several hypotheses. For
example, the association between farming
and IFNy upregulation has been proposed to
reflect the restoration of a missing immune
deviation®; that is, the shifting of allergen-
specific responses from the T, 2 to the T ;1
phenotype owing to microorganism-depend-
ent induction of a Delta-Notch-mediated T, 1
cell-polarizing programme in dendritic cells”.
Indeed, incubation of human adult mono-
cyte-derived dendritic cells with cowshed-
derived bacteria (Acinetobacter Iwoffii F78 or
Lactococcus lactis) enhanced the secretion of
the T ;1-inducing cytokine IL-12 and Delta4
mRNA expression®. Alternatively, microbial
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Figure 2 | Mechanisms potentially underlying the impact of farm
exposure on the human immune system. In this model, the biological
diversity of a traditional farm environment (in particular, high numbers of
farm animal species) results in intense microbial pressure on the innate
immune system. This in turn directs vigorous tumour necrosis factor (TNF)-
and interleukin-10 (IL-10)-promoted regulatory T (TReg) cell activation,
which balances adaptive immune responses and suppresses key effector
mechanisms of allergic inflammation (allergen-induced T helper 2 (T 2)
cell-associated cytokine production and T, 2 cell-dependent IgE synthesis).
Moreover, decreased IL-4 and IL-13 production relieves T, 2 cell-associated
cytokine-dependent inhibition of CD14 expression, which leads to further
enhancement of pattern-recognition receptor expression and amplification
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of innate immune responsiveness. Upregulation of interferon-y (IFNy) in
children of mothers exposed to multiple farm animal species depends pri-
marily on enhanced innate immune activation that is induced by high micro-
bial burden through dendritic cells (DCs) and Toll-like receptor
(TLR)-expressing natural killer (NK) cells, but may also be related to the con-
stant, robust xenogeneic pressure generated by close contact with multiple
animal species. Xenogeneic signals (delivered through a currently unde-
fined mechanism) may stimulate NK cells to secrete IFNy, which counteracts
allergen-induced T2 cell-associated cytokine production and accelerates
maturation of T, 1-type responses by activating DC-derived IL-12 produc-
tion. All of these effects synergize in preventing T,2-mediated allergic
inflammation. TGFp, transforming growth factor-p.

products may reduce DNA methylation of the
IFNG gene in naive T cells, thereby leading to
increased IFNY expression™.

Studies have shown that human adaptive
immune responses (of both the T, 1 and the
T, 2 type) are typically immature and sup-
pressed at birth***. This leads us to propose
that increased production of IFNy in neonates
born to mothers exposed to multiple farm
animal species may rely primarily on innate
immune mechanisms. In this respect, we are
intrigued by the possibility that the unusual
abundance of microbial products resulting
from contact with several animal species may
trigger TLR-expressing natural killer (NK)
cells to release IFNy*!. Moreover, contact
with multiple animal species may generate an
intense biological diversity that leads to a con-
stant, robust xenogeneic pressure on pregnant
mothers exposed to a farm environment. NK
cells, an essential barrier to xenogeneic influ-
ences*>*, could have a pivotal role in respond-
ing to this pressure through the production
of IFNYy. Regardless of its cellular source and
mechanisms of induction, high levels of IFNy

at birth can directly counteract allergen-
induced T ;2 cell differentiation and activate
high levels of IL-12 production by dendritic
cells*, thereby promoting an accelerated
maturation of T, 1-type immune responses
(FIG. 2). These immune responses would pro-
vide enhanced protection against intracellular
pathogens, especially respiratory viruses (such
as rhinovirus and respiratory syncytial virus)*
that persistently alter immune responses

and airway function in susceptible subjects
and increase the risk of developing asthma,
particularly in atopic children®. Much in the
model we propose is still speculative. Future
analyses of the cellular, genetic and epigenetic
mechanisms of IFNy regulation at birth and in
early life will clarify these fundamental aspects
of the immunobiology of farm exposure.

Mouse models of farm exposure

The interactions between farm-derived bio-
logical factors and the immune system of the
host have been explored in several mouse
models. The primary goal of these studies was
to dissect the biological complexity of farm

exposure and identify the components that
are most relevant to asthma and/or allergy
protection. Each model examined distinct
agents, but the results are readily comparable
because all experiments relied on one mouse
strain (BALB/c) and one allergen sensitization
protocol: intraperitoneal administration of
ovalbumin (OVA) with an adjuvant (alum),
followed by OVA aerosol challenge. The
farm-derived agents under study included
stable dust extracts"’; non-pathogenic Gram-
negative and Gram-positive bacteria from
the cowshed microflora (Acinetobacter Iwof-
fii F78 and Lactococcus lactis)*®*; Bacillus
licheniformis, which is abundant in the set-
tled dust collected from both animal sheds
and mattresses?'; and, most recently, plant
polysaccharides (arabinogalactans) derived
from fodder and contained in cowshed dust
extracts at high concentrations®. All of these
agents were administered intranasally to
adult mice before and/or during allergen
sensitization, except for the experiments in
which exposure to Acinetobacter Iwoffii F78
occurred prenatally*® (TABLE 2).
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Table 2 | Mouse models of the farm effect on allergy and hay fever

Farm-derived agent
administration

Stable dust extracts From day 0
Acinetobacter lwoffii F78, From day-10
Lactococcus lactis G121

Acinetobacter Iwoffii F78  Prenatal*
Bacillus licheniformis From day-12
spores

Plant arabinogalactans ~ From day 0

from cowshed dust

Timing of agent Serum

lymphocytes

Decreased eosinophils and

lymphocytes; increased macrophages,

neutrophils, IFNy and IL-10

Decreased eosinophils, IgE, IgG2a

and IL-5

BAL Lung Refs
A% IgE, A% IgG1, Decreased eosinophils, lymphocytes,  Reduced AHR 47
<> 1gG2a macrophages and IgE
< IgE, J IgG1, Decreased eosinophils; increased Reduced inflammatory infiltration, 38
< 1gG2a neutrophils and lymphocytes mucus metaplasia and AHR
<> IgE, <> IgG1 Decreased eosinophils and Reduced inflammatory infiltration, 48

mucus metaplasia and AHR

Reduced inflammatory infiltration 21
and mucus metaplasia

Reduced mucus metaplasia and 19
AHR

{, decreased; ¥4, strongly decreased; <>, no effect; —, not determined; AHR, airway hyperresponsiveness; BAL, bronchoalveolar lavage; IFNy, interferon-y;

IL, interleukin. *From day —11 through gestation.

Despite limitations in the experimental
design (for example, short exposure to
an artificial allergen through an artificial
route, use of a single, T ;2-prone mouse
strain and use of adult mice of limited rel-
evance to the study of childhood asthma)
and some heterogeneity in the results,
these experiments showed that the prod-
ucts and microorganisms under study
invariably provided significant protection
from allergen-induced T, 2 cell-mediated
immune responses, particularly those that
occur locally in the lung (TABLE 2). Indeed,
treatment with these agents strongly inhib-
ited eosinophilia in bronchoalveolar lavage
(BAL), inflammatory cell infiltration into
the lung, mucus metaplasia and, impor-
tantly, airway hyperresponsiveness'>2"3$4745,
By contrast, systemic effects, including those
on serum IgE levels, were less consistent and
less pronounced.

The molecular and cellular pathways
that sense and transduce the signals
responsible for these protective effects
are still largely unknown. However, it is
noteworthy that the inhibition of T, 2 cell-
dependent allergic inflammation mediated
by farm-derived agents (with the pos-
sible exception of Bacillus licheniformis
spores) was not accompanied by signatures
of T 1-type immune deviation (such as
increased IgG2a or IFNy in BAL), which
indicates that these agents may primarily
target regulatory immune processes in
these mouse models. In fact, pre-treatment
with dust extracts*’ or arabinogalactans'’
decreased the ability of OVA-pulsed bone-
marrow-derived dendritic cells to induce
T, 2 cell-mediated responses when trans-
ferred into the lungs. This inhibition was
partially dependent on autocrine produc-
tion of IL-10 (REFS 19,49), a classical
immunoregulatory cytokine.

Perhaps more intriguing was a recent
study that was specifically designed to
investigate the asthma-protective effects of
prenatal exposure to farm-derived micro-
organisms*. Intranasal exposure of female
mice to Acinetobacter Iwoffii F78 before and
during pregnancy protected the progeny
from experimental asthma development in
response to OVA sensitization and challenge,
even though IgE levels were only margin-
ally affected. Protection was dependent on
intact maternal TLR signalling, because
heterozygous TLR-sufficient offspring of
Acinetobacter lwoffii-exposed female mice
lacking TLR2, TLR3, TLR4, TLR7 and
TLR9 developed OVA-induced allergic
inflammation as readily as the offspring of
non-exposed mothers. Microbial exposure
transiently increased maternal lung and
serum pro-inflammatory cytokines and
upregulated TLR mRNA in the maternal
lung. This mild local response was followed
by systemic distribution of pro-inflamma-
tory cytokines and downregulation of TLR
mRNA and pro-inflammatory cytokine
expression in the placenta®. These findings
indicate that the fetal immune system can be
transplacentally programmed by maternal
innate immune responses to mucosal
microbial stimulation during pregnancy.

Although the mechanisms that link
TLR mRNA upregulation in the maternal lung,
TLR mRNA downregulation in the placenta
and asthma-protective effects in the prog-
eny are still unclear, this model may be able
to address several important questions. For
instance, was placental TLR mRNA downregu-
lation directly induced by cytokines released
from the maternal lung, or was it mediated by
the recruitment of bone-marrow-derived mye-
loid dendritic cells that are mobilized by micro-
organism-induced signals emanating from the
airway mucosa®? And, more generally, does

this model recapitulate the essential biological
signatures that are associated with farming-
induced human asthma protection (increased
IFNy expression and T, cell activity at birth,
and persistent PRR upregulation later in life)?
And, if so, which pathways are responsible for
these events?

Future directions

Several fundamental questions concerning
the immunobiology of traditional farming
need to be answered before the biological
impact of this complex environment on its
inhabitants can be fully appreciated. For
instance, most studies focused on the micro-
bial components of the farm environment,
but the possibility that xenogeneic signals
might synergize with microbial exposures

is worth investigating. The protective effect
of unprocessed cow’s milk consumption is

a recurrent epidemiological finding, but no
model is yet available to explore its mechanis-
tic implications. The importance of the expo-
sure route (gut versus airways) is also still a
matter of speculation.

The fact that all of the microbial exposures
tested in animal models so far conferred
strong protection from allergic inflammation
is puzzling, and may reflect the extremely
high cumulative doses of microorganisms
used in these experiments. However, some
microorganisms may be more protective than
others at the concentrations at which they
exist in traditional farms. The intertwining of
immunological and developmental processes
suggested by the pre-eminent role of prenatal
exposure in protection also requires eluci-
dation. Finally, the protective properties of
farm-derived factors raise the possibility that
the prevalence of other complex immune-
mediated diseases may also be decreased
among farm children. Indeed, recent data
support this hypothesis for juvenile Crohns
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disease and ulcerative colitis®', but not for
type 1 diabetes and rheumatoid arthritis®>**.
More generally, the mechanisms and path-
ways of protective farm exposure await a
clearer definition. The stakes are high because
few other environments have proven so effec-
tive in positively influencing the natural his-
tory of human common diseases. However,
farm populations are not just peculiar
populations with uncommon environmental
exposures. Mankind has evolved around
such exposures and most people are still
exposed in rural areas of developing coun-
tries. Urbanization, which often implies loss
of protective exposures related to livestock, is
associated with increasing rates of allergies in
many parts of the developing world**’. The
increasing trends of allergy prevalence, which
have begun in these parts of the world*,

will be attributable to risk exposures in the
absence of protection in early life.
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The challenge of immunogenicity in
the quest for induced pluripotency

Paul J. Fairchild

Abstract | Few advances have been so widely acclaimed in biology as the seminal
demonstration that adult somatic cells can be induced to acquire the phenotype
and differentiation potential of embryonic stem cells. The capacity to produce
patient-specific stem cells that are truly pluripotent has raised prospects for the
treatment of many degenerative diseases through replacement of the affected cell
types. In the race to the clinic, however, questions surrounding the potential
immunogenicity of such cells have been largely overlooked. Here, | explore the
extent of the challenges ahead and suggest that the induction of tolerance to such
cells will be crucial to the future success of induced pluripotency.

A member of the audience rose in response
to the chairman’s invitation to ask ques-
tions: “Dr Fairchild, why do you continue
to pursue strategies for the induction of
tolerance for cell replacement therapies
when induced pluripotent stem cells have
overcome the issue of immunogenicity?”
The familiarity of the question and the
silent nods of approval from fellow delegates
suggested that such views are widely held

in the stem cell community. It is such ques-
tions, and the animated discussions that
they precipitate, that indicate it might be
timely to re-evaluate the extent to which
induced pluripotency can circumvent the
issues of immunogenicity that continue to
confound the clinical use of stem cells from
more conventional sources. Here, I discuss
whether the limitations of such personalized
approaches to medicine outweigh the advan-
tages that an autologous source of tissues
might offer, and explore whether strategies
for the induction of self-tolerance might
provide the most pragmatic solution to the
immunological barriers encountered.

The quest for pluripotency

Pluripotency refers to the capacity of a

cell to differentiate into derivatives of all
three embryonic germ layers (endoderm,
ectoderm and mesoderm) and, through
progressive specification, to generate each
of the cell types of which the human body
is composed. This property, together with
a propensity for indefinite self-renewal,
remains the preserve of cells from the
epiblast of early blastocysts and is rapidly lost
after implantation. These rare cells, which
were first isolated and maintained in culture

in 1998 (REF. 1) as lines of human embryonic
stem cells (hESCs) (FIG. 1; TIMELINE), inspired
early interest in their use as a potential source
of cell types and tissues to replace those
damaged through ageing, injury or incipient
disease, known as cell replacement therapy>
Although many groups remain committed to
using hESCs in the clinic?, the immunological
constraints of transplanting fully allogeneic
tissues from such an unconventional source
pose numerous challenges, both practical
and scientific.

The prospect of reawakening pluripo-
tency in terminally differentiated cell types
as a way of circumventing the immuno-
logical barriers encountered with hESCs
was first formally demonstrated by somatic
cell nuclear transfer (SCNT) in mice (FIG. 1).
By transferring the diploid nucleus of a
fully differentiated somatic cell into an
enucleated recipient oocyte, nuclear transfer
embryonic stem cells (ntESCs) can be gener-
ated from the resulting cloned blastocyst
that are syngeneic to the nuclear donor
in all but the mitochondrial genes, which
remain of oocyte origin®. Although this is
undoubtedly a significant advance in the
field, the formidable logistical and ethical
complexities of applying cloning technol-
ogy to humans have rendered SCNT largely
obsolete as a means of generating pluripo-
tent stem cells for clinical applications.
Furthermore, given that the mitochondrial
genome is a source of many minor histo-
compatibility antigens that can be processed
and presented in an MHC-restricted man-
ner to alloreactive T cells, the potential
immunogenicity of tissues differentiated
from ntESCs remains uncertain’.
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