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The prevalence of allergy and asthma has
increased significantly over the past several
decades, particularly so in industrialized
nations where environmental exposures and
lifestyles have rapidly diverged from those
with which humans evolved. Multifactorial
and heterogenous, there is an urgent need to
understand the origins of allergy and asthma
and develop effective interventions for
precision treatment and prevention.
Epidemiological studies have identified
prenatal and early-life exposures that
prevent or promote disease in childhood, a
number of which exert strong selective
pressures on the types, functions, epigenetic
modifications, and development of cellular
populations (microbial and immune)
critical to immune training, function, and
asthma pathogenesis. Technological
advances in the fields of human genetics,
epigenetics, immunology, and microbiome
research have more recently expanded our
view of human biology. Studies employing
these tools individually have uncovered key
relationships with allergy and asthma
development across temporal and geospatial
gradients. These observations suggest that
although these factors are important in
determining asthma risk, their influence is
likely integrative, contextual, and
cumulative across temporal gradients.
Clearly, a range of extrinsic and intrinsic
factors collude to promote disease
development. Central to the integration and
phenotypic translation of these exposures
are cellular populations, in particular,
maternal prenatal, and early-life postnatal

microbial and immune cells, whose activities
and interactions set in motion successional
programming events that govern
developmental trajectories and downstream
health outcomes. This Perspective discusses
the most salient of these events and proposes
an actionable research scenario that
integrates and contextualizes them.

Environmental Microbiota
and Asthma

Although a wealth of epidemiologic data
point to strong effects of environmental
microbial exposures on asthma risk (1-3),
probably few examples are as eloquent as
the “farm effect.” Children raised on
traditional farms are strongly protected
from asthma (4), and this protection is
largely explained by the child’s contact with
farm animals and their microbiota in early
life (5-7). The strength and pervasiveness
of the farm effect are well illustrated by
studies in Amish and Hutterite children
who share genetic ancestry and lifestyles
but follow distinct farming practices
(traditional among the Amish,
industrialized among the Hutterites) and
have sharply different amounts of asthma
prevalence (four-times lower in the Amish)
(8, 9). In parallel with these distinct
lifestyles, concentrations of house dust
endotoxin (bacterial cell-associated
polysaccharides) were almost seven-fold
higher in Amish households, and profound
differences in the proportions, phenotypes,

and functions of innate and adaptive
immune cells were detected in these
populations (9). Moreover, inhalation of
Amish, but not Hutterite, house dust was
sufficient to protect mice against cardinal
allergic asthma phenotypes, and these
effects required innate immunity (8). These
data strongly support a role of
environmental exposure, particularly
increased microbial exposures, in asthma
protection. A similar association between
increased exposure to environmental
microbiota and asthma protection has also
been described in American inner-city
populations (2, 3, 10) and in Finnish versus
Russian Karelia (11). The latter represent
two socioeconomically distinct but
geoclimatically similar regions. Allergies
were more common in Finnish than in
Russian children, and increased microbial
load in house dust and drinking water was
associated with allergy protection in Russia
(11). Comparable observations have also
been made in two populations of Mexican
ancestry resident only 70 miles apart on
either side of the United States/Mexico
border but significantly different in both
their rates of childhood asthma (four-fold
lower in Mexico) and their house dust
and bacterial load (strikingly higher in
Mexico) (12). Thus, across a variety of
environments, diminished environmental
microbial exposure associated with
Westernized lifestyles is consistently
associated with increased risk of asthma.
How these altered environmental microbial
exposures may mediate their effects
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requires an understanding of the human
microbiome, which develops in early life,
significantly expands the functional
capacity of the human host (13), and
encodes activities and products that shape
(14, 15) and are shaped by human
immunity.

Early-Life Microbiomes and
Asthma Development

Mammalian development is intimately
linked to early-life microbiological
development, particularly in the gut
microbiome, which houses the largest
diversity and burden of microbes in the
human host (16). Reflective of coevolution,
gut microbial products influence immune
function and physiological development
both locally in the gut and at remote organ
and mucosal sites (17). Moreover, the gut
microbiome integrates environmental
exposures, including microbial (18), dietary
(16), and antibiotic (19) encounters that
exert both acute and pervasive effects on
microbiome membership, productivity, and
development. Thus, an emerging
hypothesis for the origins of childhood
asthma focuses on the prenatal and early
postnatal period, which represents an
intergenerational inflection point in
microbiome development and immune
training. This hypothesis posits that
environmental exposures shape prenatal
maternal microbiomes and immunity,
which in turn influence vertical
transmission, development, and activity of
microbiomes and training of host immune
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responses during the critical postnatal
period of immune training and
physiological maturation (Figure 1). These
events are likely influenced by a
combination of human genetics (20) and
early-life exposures, including maternal and
infant nutrition and antimicrobial
administration (21), which sculpt the
nascent microbial colonization landscape,
and by epigenetic modifications that

are both intergenerationally and
transgenerationally inherited (22) and
postnatally forged by microbial-derived
metabolic products (23). We note that the
interactions between human genetics and
the environment remain proverbially
difficult to decipher, especially in a
genome-wide context. Thus, candidate gene
studies have shown that variants in the
asthma-associated chromosome 17q21
locus, which encodes genes involved in
pyroptosis (cellular defense against
intracellular microbes), influence risk of
asthma and allergy development by
interacting with specific microbial
exposures (24, 25). On the other hand, the
results obtained using unbiased microbial
genome-wide association studies to
investigate microbiome-host genome
associations are currently less clear;
associations are typically weak and
distributed across multiple variants, similar
to the signals typically observed in classical
genome-wide association studies of
complex traits. Progress will likely occur
once uniform data and reporting formats
are adopted to facilitate replication and
meta-analysis efforts, stringent statistical
criteria are enforced to reduce the number

of false-positive findings, and sample sizes
increase by orders of magnitude (26).
Overall, the emerging theory is that
exogenous and endogenous factors that
deplete coevolved microbial species critical
to training asthma-protective immunity
result in pathogenic microbiome
development in early life, skewed immune
function, and asthma outcomes in
childhood.

Consistent with this hypothesis,
independent birth cohorts based in the
United States and Canada have
demonstrated that early-life (at birth, 1 mo,
or 3 mo) gut microbiota perturbation is
associated with increased risk of
atopy/asthma in later childhood (27-29). Of
note, in two of these cohorts (27, 28), the
high-risk gut microbiota was associated
with a lack of exposure to dogs in early life,
indicating that environmental exposures
associated with reduced risk of childhood
asthma may mediate their effect by altering
the composition and functional properties
of the infant gut microbiome. Early-life gut
bacterial depletions related to increased
asthma risk are relatively consistent across
these studies and associated with fecal
metabolic dysfunction. Cell-free extracts of
these perturbed high-risk neonatal gut
microbiomes increase CD4 " IL-4™ cell
frequency and activity and reduce CD4 "
FOXP3" cell frequency in vitro (28),
suggesting that the products of the gut
microbiome of infants who subsequently
develop atopy or asthma may promote
intestinal inflammation and thus alter
microbial and immune development in
these subjects. Consistent with this
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Figure 1. Integrative model for the origin of childhood atopy and asthma focuses on exposures that shape prenatal microbial and immune development
and influence epigenetic imprinting that affect microbial and immune vertical transmission, postnatal microbial and immune development, and clinical

outcomes in later childhood.
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hypothesis, specific metabolites, such as
12,13 DiHOME, identified as enriched in
the gut microbiomes of 1-month-old
infants at significantly higher risk of atopy
and asthma in childhood, have been
shown to decrease regulatory T-cell
frequency and IL-10 secretion (28). In a
mouse model of allergic airway
sensitization, introduction into the gut
microbiome of bacterial epoxide hydrolase
genes responsible for the production of
12,13 DiIHOME is sufficient to increase
circulating concentrations of this
monohydroxy fatty acid, reduce airway
regulatory T-cell populations, and
exacerbate airway allergic inflammation
(30), confirming a role for this gut
microbial-derived lipid in asthma-
associated immune dysfunction. In other
studies, mice fed a high-fiber diet, which is
exclusively fermented by gut microbes to
produce antiinflammatory short chain
fatty acids (SCFAs), exhibited significantly
reduced airway allergic inflammation after
antigen challenge (31). Thus, these data
indicate that gut microbial-derived
metabolic products modulate airway
mucosal cellular populations critical to
prevention of allergic inflammation and
that diet influences microbial activities
involved in such processes.

That such early-life microbial activities
are important for disease development is
reflected by findings in two independent
birth cohorts showing that for every
doubling of bacterial epoxide hydrolase
gene copy number or nanogram increase in
12,13 DiHOME concentration in 1-month-
old infant feces, the odds ratio for atopy
or asthma in childhood significantly
increased (30). Though only a single
example of a more complex and dynamic
microbiome-host interaction, these data
offer a mechanistic link between early-life
gut microbiome metabolic productivity and
airway immune dysfunction associated with
allergy and asthma development. Moreover,
they indicate that microbial activities in the
gut can influence airway mucosal immune
responses with the potential to shape
respiratory microbial colonization events at
this site in early life.

The possibility that early-life events
and influences set in motion distinct
trajectories of microbial development is
supported by observations made in a
longitudinal study of infants defined as
having high or low risk for asthma on the
basis of parental asthma status. Meconium
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microbiota of high-risk infants was distinct
from those at lower risk of disease (27),
supporting the hypothesis that the maternal
prenatal microbiome, which is shaped by
intrinsic and extrinsic factors, influences
the pattern of microbial vertical
transmission. These high-risk infants
followed a significantly distinct trajectory
of gut microbiota development, exhibiting
a decreased rate of gut bacterial
diversification over the first year of life (27).
Essentially, high-risk infants failed to
accumulate microbial species from their
environment at the same rate as their
healthy counterparts, thus developing a
genetically distinct and functionally
depleted gut microbiome. Meconium
microbiota by definition form in utero and
are sourced from maternal microbiomes.
Given the observation that meconium
microbiota are distinct in infants at high
and low risk for asthma, the focus on early-
life microbiomes has now broadened to
encompass the prenatal period, maternal
microbiomes, and immune status. Indeed, as
further discussed below, our recent studies
have identified viable immunomodulatory
bacteria in the human fetal intestine (32) and
shown that the maternal prenatal immune
profile (expressed by the IFN-y/IL-13 ratio in
the supernatant of mitogen-stimulated
peripheral blood mononuclear cells isolated
during the third trimester of pregnancy) is a
robust predictor of asthma in the child (33).

Trained Immunity and
Epigenetics as Mediators of
Early Exposure Effects on
Immune Development

Functional human adaptive immunity is
evident at birth and includes antigen-
experienced memory T- and B-cell
populations capable of responding to
microbial stimuli (34, 35), indicating that
priming and programming of human
immunity begins in utero. That vertically
inherited microbial species are important
for early-life intestinal immune
development is reinforced by a recent
study of a cohort of 50 human fetal
(16-22 wk gestation) meconium samples.
Subsets of human fetal meconium were
relatively enriched for either Lactobacillus
or Micrococcus (32). The presence of
these species related to both the
proportion of lamina propria innate-like
PLZF' CD161" CD4" T-memory cells

and to divergent epithelial cell layer
transcriptomes. Fetal intestinal
Lactobacillus and Micrococcus were viable
as evidenced by scanning electron
microscopy but could only be isolated
from fetal meconium when cultured
under conditions that mimicked the in
utero milieu (i.e., supplementation with
pregnancy hormones or monocyte feeder
cells) (32), indicating that specialized
signals provided in the human fetal
intestine support the presence of very
specific immunomodulatory microbial
strains. In vitro assays of human fetal
antigen-presenting/T-cell cocultures
revealed that fetal intestinal Lactobacillus
jensenii isolates reduced antigen-
presenting cell activation and promoted
IL-17F production, whereas a fetal
Micrococcus luteus isolate reduced TNF-a
production by antigen-presenting cells and
inhibited IFN-vy production by memory
PLZE" T cells (32). These data indicate that
prenatal adaptive immunity, which shapes
the mucosal landscape for postnatal
microbial colonization, can be influenced by
the presence of viable fetal intestinal bacteria
that are maternally sourced and likely
dependent on the presence of these strains in
the maternal prenatal microbiome.

What other processes and mechanisms
may allow prenatal maternal immune
responses to exert a long-term influence on
the child’s immune development and
her/his trajectory to asthma? Evidence
emerging from our most recent work points
to an important role of trained immunity, a
(relatively) novel way to think about innate
immune responses. First, some context: in a
seminal paper published in 1997, Ruslan
Medzhitov and Charlie Janeway, who had
just transformed the innate immunity field
by cloning a human homolog of the
Drosophila Toll receptor responsible for
innate immune responses in flies (36),
extolled the virtues of innate immunity as a
nonclonal, germline-encoded system
capable of ensuring virtually flawless
discrimination between self and nonself. In
this scenario, the ability to activate naive
T cells when and only when a pathogen is
present relies on Toll-like receptors (TLRs),
a family of molecules expressed primarily
on myeloid lineages. Being germline-
encoded and thus free from the vagaries of
on-demand genomic rearrangements, TLRs
are shaped by evolution to ensure that
innate immune recognition be directed
toward invariant targets that are shared by
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multiple microorganisms and are typically
necessary for those microorganisms to
thrive. On the downside, compared with
the clonal, rearrangement-based machinery
of adaptive immunity, germline-encoded
innate immune receptors cannot provide
long-term antigen-specific immunological
memory; the process of self-/nonself-
discrimination restarts at every encounter
rather than being stored in rearranged T-
and/or B-cell receptor-bearing lymphocytes
that rapidly expand to face renewed insults.
This is why, the argument went, innate and
adaptive responses need one another to
provide adequate, measured responses
against microbes.

Although still firmly in place, this
scenario has undergone some important
adjustments. Given the evolutionary success
of organisms lacking adaptive immunity (up
to 97% of the total biodiversity on our
planet) (37), immunological memory is
unlikely to have evolved only in vertebrates.
Thus, it is hardly surprising that the
dichotomy between innate and adaptive
immune memory has become increasingly
blurred over the past two decades.

Indeed, mounting evidence shows that the
immune system of plants and invertebrates
may be “primed” by an initial infection in a
manner that protects against subsequent
infections (reviewed in Reference 37).
Likewise, functions akin to memory have
been recently described in the innate
immune system of vertebrates and
referred to as “trained immunity,”

a de facto innate immune memory
characterized by a heightened reaction to
secondary infections or sterile triggers of
inflammation (37, 38).

Unlike adaptive immune memory,
which depends on de novo rearrangements
of antigen receptor genes in T and B
lymphocytes, trained immunity stems from
the long-term functional reprogramming of
innate myeloid cells, such as monocytes
and dendritic cells, activated in response to
exogenous or endogenous stimuli (38). The
demonstration that trained immunity
resides in mature myeloid cells initially
resulted in a conundrum because these cells
are typically short lived (39, 40), but trained
immunity can be maintained in the
myeloid compartment for several months
and years (41). As further discussed below,
though, trained immunity involves not only
blood monocytes and tissue macrophages
(peripheral trained immunity) but also
bone marrow progenitor cells (central

Pulmonary Perspective

trained immunity), a property that makes it
possible for trained immunity to persist.
The induction of trained immunity
appears to be supported by the convergence
of multiple regulatory epigenetic
mechanisms, including changes in
chromatin architecture at topologically
associated domains, transcription of long
noncoding RNAs, and DNA methylation
(38). Stimulation of innate immune cells
can leave an “epigenetic scar” in target
genes, changing long-term cellular
responsiveness by promoting a functional
trained immunity program. The following
two key epigenetic marks accompany
trained immunity: the acquisition of
histone 3 lysine 27 acetylation marks at
distal enhancers decorated with histone 3
lysine 4 methylation, and the consolidation
of histone 3 lysine 4 trimethylation marks
at the promoters of stimulated genes.
Newer studies suggest that changes in DNA
methylation patterns discriminate between
individuals who do or do not develop
trained immunity in response to stimuli
such as Bacillus Calmette-Guerin (BCG).
For instance, individuals who responded to
BCG vaccination by more effectively
containing M. tuberculosis replication
exhibited a wide loss of DNA methylation
at immune gene promoters compared with
nonresponders (42). Methylation at 43
genes was found to significantly differ in
BCG-naive responders and nonresponders
and was proposed to predict responsiveness
to trained immunity-inducing stimuli (43).
In the asthma field, our most recent
work has identified distinct neonatal DNA
methylation modules that are associated
with the capacity to mount innate immune
responses linked with childhood asthma
risk. Interestingly, in our longitudinal study,
which included both pregnant mothers and
their children followed to the age of 9 years,
the exposure(s) seemingly responsible for
training the neonate’s innate immune
response and influencing her/his asthma
risk occurred through the mother, in utero.
Our findings reinforce recent evidence
suggesting that the fetal innate immune
system can be trained by microbial
exposures during pregnancy (44, 45). For
instance, infants exposed to, but not
infected by, HIV, malaria, or hepatitis B
virus during pregnancy showed increased
cytokine production by TLR
agonist-stimulated monocytes and
enhanced monocyte activation and
maturity (reviewed in Reference 45). Innate

immune responses in offspring can also be
heightened by maternal vaccination during
pregnancy, as evidenced by an association
between maternal BCG scar size and infant
proinflammatory cytokine production
elicited by TLR stimulation (46).

That training of the innate immune
system in infants can occur prenatally
underscores the ability of the fetal immune
system to respond to signals generated by
maternal inflammation, infection, or, more
generally, maternal microbiota and/or their
products (45). Although direct movement
of maternal microbes to the fetal intestine
can occur and relates to immune cell
function (32), fetal exposure to maternal
microbial metabolites (direct or through
maternal antibody-bound microbial
molecules) can also influence fetal immune
development. Elegant mouse studies have
shown that SCFAs, gut microbial-derived
metabolites produced in pregnant mice fed
a high-fiber diet, can directly enter the fetal
circulation and influence fetal immune cell
production, function, and, ultimately,
offspring immunity (47, 48). Specifically,
the development of allergic airway disease
was dampened by suppressing the
expression of mouse fetal lung genes linked
to both human and mouse allergic asthma
(47). Interestingly, the impact of SCFAs on
allergic airway disease susceptibility may be
mediated by direct effects on hemopoiesis
(31). Indeed, treatment of adult mice with
the SCFA propionate led to alterations in
bone marrow hemopoiesis characterized by
enhanced generation of macrophage and
dendritic cell precursors and subsequent
seeding of the lungs by dendritic cells with
a high phagocytic capacity but an impaired
ability to promote type-2 cell effector
function. The effects of propionate on
allergic inflammation were specifically
dependent on GPR41 (G protein-coupled
receptor 41)/FFAR3 (free fatty acid receptor
3) (31). Our studies of gut microbiome
manipulation in a model of respiratory viral
infection demonstrate that these effects
extend beyond SCFAs to include a broader
range of immunomodulatory lipids. Oral
supplementation with a Lactobacillus
species before respiratory syncytial virus
infection resulted in airway protection,
which was associated with a distinct
circulating metabolic environment,
including enrichment of antiinflammatory
polyunsaturated fatty acids (49). In vitro,
plasma from these animals, or exposure to
specific enriched polyunsaturated fatty
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acids, reprogrammed bone
marrow-derived dendritic cells, reducing
their inflammatory response to respiratory
syncytial virus infection (49). Though the
longevity of this response is unknown,
human studies in pregnant mothers
indicate that prenatal DHA
supplementation results in global epigenetic
modifications in infant blood at birth, a
number of which are maintained in
circulating leukocytes at 5 years of age (50).
Overall, these data are consistent with the
notion that maternal prenatal microbiomes
whose metabolic activities are presumably
largely shaped by diet are sensed by fetal
bone marrow progenitors and affect the
immune system in the neonatal period
through central trained immunity, with
long-lasting effects on the child’s immune
function.

One critical way in which maternal
influences may train the child’s innate
immune system is by enabling rapid
responsiveness to maturation-inducing
microbial signals received at birth. To the
extent that delayed immune maturation
contributes to the allergy/asthma trajectory
(1, 51), immune training in utero likely
contributes to averting this risk. The lessons
learned from studying asthma-protected
farm children (52) are very relevant in this
respect. Cord blood mononuclear cells from
farm children demonstrated prenatal
priming evidenced by precocious
upregulation of host defense functions such
as microbial-sensing TLRs (53, 54) and
cord blood innate cytokines (55). These
findings suggest that maternal prenatal
microbial exposures calibrate the
development and maturation of immune
responses in the offspring both
quantitatively and temporally, ultimately
enhancing asthma resistance (51, 52).

Where We Are Now...

Our current working model integrates
several of the research themes discussed
above. Findings by us and others provide
strong support for the notion that in utero
exposure to maternal microbial and
immune signals relies on epigenetic
mechanisms to influence fetal immune
responses to postnatal exposures. The
picture is not complete, but several
components already stand out. First, we
demonstrated for the first time that
neonates who will not become asthmatic by
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the age of 9 years carry DNA methylation
profiles in their immune cord blood cells
that are distinct from those of neonates
who will develop asthma, suggesting that
epigenetic mechanisms may be involved in
asthma inception and that an epigenetic
trajectory to asthma may be in place
already at birth (56). Next, we moved one
step back and focused on the mother-to-
child asthma trajectory, finding that the
maternal prenatal immune profile
associated with childhood asthma also
affects the neonatal DNA methylation
landscape. Indeed, neonates born to
mothers with the lowest IFN-vy/IL-13 ratio
carry both the highest asthma risk and
distinct DNA methylation profiles in their
immune cells. Most importantly perhaps,
neonatal differential methylation at a
large module (cluster) of genomic sites
was associated not only with the maternal
IFN-v/IL-13 ratio but also with an
enhanced capacity of neonatal cord

blood mononuclear cells to produce
innate cytokines in response to microbial
stimuli (LPS) and with childhood

asthma by the age of 9 years. In
combination, these findings suggest that
maternal prenatal immune profiles shape
the neonatal epigenome in ways that
influence innate immune responses to
postnatal exposures and ultimately asthma
risk (Devries and colleagues, unpublished
data).
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Critically, we interpret an enhanced
capacity of neonatal cord blood
mononuclear cells to produce innate
cytokines in response to microbial stimuli as
functional evidence for trained innate
immune memory. Because asthma rates
between 5 and 9 years of age were drastically
reduced among neonates with high innate
cytokine-producing capacity, we infer that
epigenetically trained innate immunity,
manifested as an increased neonatal
immune response to microbial stimuli,
protects from asthma. A heightened ability
to respond to microbial stimuli already at
birth likely reflects accelerated, more
efficient immune maturation and thus may
counteract the immune maturation delay
that promotes type 2 responses and has been
linked to increased risk for asthma and
allergy (1, 51).

... And Where We Are Going:
an Integrated Framework for
Future Research

Building on multiple results from our
laboratories and others, we propose a
transgenerational framework for future
studies that seeks to decisively advance our
understanding of the origins of asthma and
allergy pathogenesis by integrating
microbiome, immunology, genetics,
epigenetics, and nutrition research in

asthma-protective gut microbiota
from pregnant women

v

low asthma risk pioneer taxa
in child’s meconium

¢ asthma

Figure 2. The interaction between vertically transmitted maternal pioneer microbiota and the
accumulation of environmental microbiota shapes the diversification and timing of the child’s gut

microbiome and her/his immune development.

American Journal of Respiratory and Critical Care Medicine Volume 203 Number 7 | April 1 2021



human populations and model systems. properties, as suggested by community Thus, one implication of the integrated

Specifically, we suggest that environmental  ecology models (57), pioneer microbes framework we propose is that these hitherto
exposures during pregnancy, including and their activities (governed in large parallel research tracks should converge
maternal diet, shape maternal microbiomes  part by species—species interactions and to determine how very early-life microbes
and immune function, which in turn nutrient availability) shape the host’s in the context of extrinsic (e.g., early-life
influence the immune and microbial status  immune function and the rate and types nutrition) and intrinsic (e.g., genetic)

of the fetus by interacting with each of exogenous microbes accumulated into factors direct the accumulation of
individual’s genetic makeup. Relying in these body habitats during the first year environmental microbes in early life

part on epigenetic mechanisms, these of life, thereby determining trajectories and how the composition and metabolic
interacting influences train the neonate’s of microbiota development (58, 59), innate  capacity of the child’s microbiome

innate immune system and regulate its and adaptive immune development, shaped by these interacting influences
ability to respond to the stimuli provided by = and ultimately, asthma risk (Figure 2). controls immune development and
microbes that are vertically transmitted We note that in this scenario both asthma risk.

from the mother and initially colonize environmental and personal gut microbiota

neonatal body habitats. Depending on are critical for the asthma trajectory. Author disclosures are available with the text
their composition and functional Yet, they are typically studied separately. of this article at www.atsjournals.org.
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