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Over the last half century, a dramatic increase in the incidence
of chronic inflammatory diseases, such as asthma, allergy, and
irritable bowel syndrome, has rightfully led to concern about
how the modern lifestyle might inappropriately trigger innate
physiologic defense mechanisms. Health care research in the
Western world is faced with a significant challenge if it is to meet
the needs of its populations in the decades ahead. The tools with
which we hope to advance our understanding of the intrinsic
and extrinsic mechanisms of chronic inflammatory diseases
must therefore be adequately exploited and further developed to
identify treatment and prevention strategies. There is an urgent
need to prioritize resources and identify the most efficient
scientific and societal initiatives to be adopted within this area.
In this context national collaboration within Europe and beyond
to establish state-of-the-art practices with an interdisciplinary
perspective and promote an efficient exchange of best practices
is essential. Such an approach likely represents the most
efficient manner in which strategies for amelioration of the
increase of chronic inflammatory diseases in the Western world
can be achieved. The present report is based on a Forward Look
initiative conducted by the European Medical Research
Councils under the European Science Foundation. Experts from
industry and academia, as well as relevant interest
organizations, have been consulted in the process of conducting
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this initiative and have, based on this work, developed a set of
final recommendations that target academic research, science
funders, and policy makers. (J Allergy Clin Immunol
2011;128:527-49.)
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The delegates in Berlin identified the following 10 key areas as
having the highest priority for research into chronic inflammatory
disease:

1. Research should distinguish clearly between therapy and
prevention.
2. Large prospective cohort studies including deep phenotyp-
ing should be made a priority.
3. Strategies and tools should be developed to ensure ade-
quate sampling of the environment.
4. A global (international) approach should be taken to un-
derstanding chronic inflammatory disease.
5. Effective interdisciplinary research strategies must be
established.
. New tools and experimental models must be developed.
. Protocols for data collection, handling, and storage need to
be harmonized.
8. Substantial investment must be made in infrastructure, per-
sonnel, and development of research tools.
9. Dedicated funding must be provided for interdisciplinary
research.
10. Effective public-private partnerships must be developed
to ensure free exchange of information.

~N

INTRODUCTION

In the last half century, Europe has witnessed a dramatic
change in the profile of human health. Enormous advances have
been made in the prevention and treatment of disease to the extent
that many transmissible diseases have now been effectively
eradicated. In parallel, however, there has been a marked increase
in the incidence of chronic disease, particularly inflammatory
diseases, such as asthma, allergy, and inflammatory bowel and
other autoimmune diseases.

In the context of an aging population, the overall health care
burden might be increasing once again to such an extent that we
might now question whether the effect of health improvements
achieved in the 20th century is beginning to be reversed in the 21st
century. Strategies are urgently needed to determine the causes of
chronic disease and identify targets for therapy and prevention to
respond effectively to this worrying trend. The European Science
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Foundation therefore initiated a Forward Look entitled “Gene-
environment interaction in chronic disease,” to facilitate agree-
ment on future priorities. This exercise brought together experts
from a range of relevant fields to define the grand challenges
facing research into chronic inflammatory disease and to agree on
recommendations for the future of research in the field. Inevitably,
given the complexity of this effort, not all relevant chronic
inflammatory diseases have been included in depth, and selec-
tions have been made to illustrate the recommendations.

Since the 1950s, the incidence of chronic inflammatory
diseases has increased almost exponentially in industrialized
countries. Conditions such as asthma, Crohn disease, type 1 dia-
betes, and multiple sclerosis have increased by as much as 400%
in many regions. The link between the occurrence of these
diseases and the changes in lifestyle and living conditions in the
West has led many of them to be considered diseases of affluence.
This notion is supported by the observation that countries such as
China, India, and members of the former Eastern Bloc, which are
adopting an increasingly Western lifestyle in line with growing
affluence, are now showing signs of a similar trend in the
incidence of these diseases.

The factors responsible for the development of chronic inflam-
matory disease are not easy to tie down. Although epidemiologic
evidence clearly points to an environmental influence, not all
subjects in these environments have disease. Furthermore, the
range of different pathologic findings that can fall under the
umbrella of a single diagnosis is quite striking, suggesting that
different persons with apparently similar susceptibility and
exposed to the same environments might nevertheless display
substantial clinical variation. Individual susceptibility must thus
play a role in determining not only disease propensity but also
disease course and pathologic characteristics. Understanding the
interaction between these intrinsic and extrinsic mechanisms of
chronic inflammatory disease will be the key to their future
treatment and prevention (Fig 1).

Susceptibility to chronic inflammatory disease has a clear
genetic component. However, genetics might not be the only
determining factor. Before birth, maternal nutrition and exposure
to pollutants and tobacco smoke in utero, for instance, can pro-
duce epigenetic changes that act alongside genetic predisposition
to determine the biological response to environmental stimuli af-
ter birth. These prenatal exposures can also influence later suscep-
tibility to disease through effects on the morphogenesis of tissues
and organs. For instance, the branching of the airways to form the
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lungs in the developing fetus can modulate the later susceptibility
of the child to asthma. After birth, other factors, such as breast-
feeding and exposure to microorganisms, appear to further influ-
ence the likelihood of diseases such as asthma and allergy. Thus
from the point of conception and perhaps even before, intrinsic
and extrinsic factors interact to determine the probability that a
subject will be healthy or have a chronic disease given the right
environmental stimuli.

The environmental stimuli to which the human organism is
exposed after birth are varied and constantly changing. One
component of the environment that is thought to play a central
role in chronic inflammatory disease is the community of
microorganisms that we carry around with us on our skin and in
our gut and airways. Interestingly, the composition of these
microbial populations appears to influence whether susceptible
persons are protected against chronic inflammatory disease.
Children who grow up in environments containing complex
microbial populations, for instance, might have some degree of
protection against diseases such as atopy and asthma. In fact, the
diversity of microbial exposure during childhood has been shown
to be inversely related to the likelihood of asthma. These and other
factors, such as nutrition, thus make attractive targets for future
prevention strategies. But before disease prevention can become a
realistic goal, much more needs to be known about which factors
protect against or initiate disease, how they act, and when. In the
gut, for instance, many hundreds of different organisms are
present in a delicate ecological balance. Yet we still do not know
which of those organisms have a specific influence on immune or
metabolic processes in health or disease or indeed the effects of
altering individual organisms on the ecology of the gut.

Once chronic inflammatory disease has been initiated in a
susceptible person, it follows a complex course that gradually
becomes irreversible. Inflammation is a protective response of the
immune system to harmful stimuli, yet in patients with these
diseases, it gradually becomes maladaptive. The factors that
determine this shift remain poorly understood, but the outcome is
irreversible inflammation and tissue changes that ultimately lead
to a poorly functioning organ. Yet most chronic inflammatory
diseases do not follow an invariant course. Instead, periods of
relative clinical stability are punctuated by periods of exacerba-
tion in which symptoms worsen before stabilizing again, usually
without returning to the previous baseline. Importantly, the
environmental factors that trigger these exacerbations might
also influence susceptibility to subsequent insults. Thus, as in
the case of prenatal influences on organ and tissue susceptibility,
environmental exposures at a given point in a person’s life might
profoundly influence pathology many years down the line.

Given this level of complexity, is it realistic to consider a future
in which chronic inflammatory diseases become treatable and
even preventable? There might be reason for hope. Alongside the
rapid changes in the epidemiologic profiles of chronic inflamma-
tory diseases, substantial progress has also been made in bio-
medical research. Perhaps the most significant advance that has
occurred in the last 20 years is precisely our ability to measure and
analyze complexity. The incredible developments in so-called
-omics technologies, for instance, have made it possible to
describe a patient’s biological composition to a level of detail
that was previously unimaginable. We are now in a position to ob-
tain something akin to a biological fingerprint containing compre-
hensive descriptions of a person’s genetic makeup, metabolism,
and physiology.
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Prevention: The grand challenge
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FIG 1. Development of chronic inflammatory disease is a dynamic event.
After initiation, the disease process involves acute inflammation that moves
toward chronicity and tissue remodeling, as well as regeneration. These
events are controlled by both intrinsic and extrinsic determinants. The grand
challenges in this area are the development of prevention (primary, second-
ary, and tertiary), as well as the development of causal therapies.

Alongside the generation of these vast datasets on the intrinsic
factors that influence the pathophysiology of these diseases,
similar efforts are underway to describe the extrinsic components.
For instance, complete phylogenetic descriptions have now been
generated for the microorganisms populating the gut (the micro-
biome), and researchers are now beginning to determine the
extent to which different microbial profiles are linked to specific
disease phenotypes.

Nevertheless, many hurdles need to be overcome if -omics
approaches are to fulfill their potential. Most notably, advances
are still needed in our ability to interpret the enormously complex
datasets that are generated. Methods are also required to validate
conclusions from the perspective of systems biology. -Omics
technology merely identifies associations that do not necessarily
reflect a cause-and-effect relationship. Consequently, this
hypothesis-generating research must inevitably be followed by
focused, hypothesis-testing studies to establish causality.

INTRINSIC MECHANISMS UNDERLYING CHRONIC
INFLAMMATORY DISEASE

The increasing incidence of chronic inflammatory disease
observed in industrialized countries is clearly linked to environ-
mental and lifestyle factors. Nevertheless, not all patients respond
similarly, and there is evidence of familial inheritance in a number
of diseases. Consequently, diseases such as asthma, allergy, and
inflammatory bowel disease (IBD) are widely considered to be
due to a combination of environmental and individual risk factors.
Therefore in addition to identifying environmental triggers,
research into chronic inflammatory disease must determine the
mechanisms underlying the response to those factors and the
events that lead to disease chronicity (Fig 2).

Genetics

The starting point for any exploration of intrinsic mechanisms
in chronic inflammatory disease is invariably genetics. Although
epidemiologic evidence clearly supports a role for environmental
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FIG 2. Metabolic and immune-mediated pathologies with inflammatory
processes in various target organs as the key driver of disease initiation,
perpetuation, or both. Extrinsic and intrinsic events (red text) lead to the
manifestation of disease (black text).

triggers in diseases such as allergy, asthma, and IBD, it is apparent
that the pathogenesis is also dependent on genetic susceptibility.
The advent of genome-wide association studies (GWASs) thus
raised the hope that disease risk could be stratified according to
individual susceptibility alleles.! Unfortunately, the situation has
proved to be substantially more complex, and simple genetic ex-
planations for individual susceptibility to chronic inflammatory
disease have not been forthcoming.

GWASs to identify loci conferring genetic susceptibility to
IBD have yielded more than 60 genes linked to Crohn disease and
40 linked to ulcerative colitis.* Despite many of these genes hav-
ing known roles in key mechanisms, such as innate immunity, au-
tophagy, and inflammation,* most of the risk alleles are very
frequent in the healthy population. In some cases it appears to
be the major alleles that confer susceptibility.

Similar observations have been made in patients with diabetes.
Despite clear evidence of heritability in type 1 diabetes (T1D), the
common polymorphisms identified in GWASs only explain less
than 30% of the heritable risk.” The situation in patients with
type 2 diabetes (T2D) is even more striking.” Here, having a
first-degree relative with T2D is associated with a hazard ratio
of between 3 and 4 for development of the disease compared
with that seen in persons who do not have affected relatives. De-
spite this clear heritability, the polymorphisms identified by
GWASs only account for around 1% of T2D heredity, making
them essentially useless for risk prediction.®’

GWASs in patients with allergic diseases are even more
difficult to interpret because the definition of disease varies
from one study to another.'®'! It has, however, become clear that
there are separate genetic polymorphisms that affect susceptibil-
ity to allergic sensitization, and totally different genes are associ-
ated with the susceptibility to allergic diseases, such as asthma or
eczema. The disease-specific genes are mostly associated with ep-
ithelial function, whereas those for allergy affect the balance of
immune responses.

These findings highlight a key challenge in defining the genetic
factors that determine susceptibility in chronic inflammatory
disease, namely the failure of single alleles or even allele
combinations thus far to facilitate clear risk prediction. It is
important to note, however, that the lack of clear associations with
common single nucleotide polymorphisms (SNPs) does not mean
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that these genetic differences do not underlie susceptibility.
Individual SNPs with small effects might together have metabolic
consequences that can be used as biomarkers in risk stratification.
Sequencing technology has advanced to such an extent that it can
now be considered trivial to analyze 1500 SNPs at a time. The real
challenge for future research into genetic susceptibility to chronic
inflammatory disease might lie in the ability to discern patterns
from the data obtained, and this will depend on our ability to
interpret highly complex datasets. Furthermore, genetic variation
is not only about SNPs. Other factors, such as repetitive DNA
elements or copy-number variants, could also be involved.'?

The concept of genome-wide association requires that the
comparators be clearly defined. In other words, we must be clear
about the nature of the specific disease phenotypes with which
associations are being made. Much of the focus of the studies
undertaken to date has been on associations with late stages of
disease. To fully understand the role of genetic susceptibility in
the development of chronic inflammatory disease, however,
much more information will be required on the phenotypes of
all stages, from initiation through propagation to the onset of
chronicity. Increasing the temporal resolution of disease pheno-
types should also be accompanied by improved classification of
the diseases themselves. Many inflammatory diseases are less
clearly defined than we would like to imagine, and it is
increasingly apparent that they often form a continuum. By
increasing the resolution of phenotyping in patients with chronic
inflammatory diseases, we will be better placed to define clearer
associations between intrinsic susceptibility, environmental in-
puts, and the relationship between the 2 in the transition from
initiation to chronicity.

Epigenetics

Epigenetic modifications, namely those heritable characteris-
tics of the genome other than DNA sequence, might play a crucial
role in chronic inflammatory disease by providing a link between
early environmental influences and the development of chronic
disease later in life."? Comparison of methylation patterns be-
tween patients exposed to severe prenatal famine and their unex-
posed siblings, for instance, has shown that transient prenatal
exposure to a specific environmental stimulus leads to persistent
epigenetic changes.'® This raises the hope of elucidating the links
between exposure to environmental factors and subsequent sus-
ceptibility to either the development of disease or the transition
from an acute to a chronic disease phenotype.

Epigenetic signatures might serve as biomarkers for specific
prenatal environments, and genome-wide studies have the poten-
tial to reveal biologically significant changes. However, future
studies will need to obtain a reliable catalogue of prenatally
induced epigenetic signatures associated with adverse events or
environmental exposures to achieve these goals. It will also be
important to obtain robust evidence that these signatures have a
causal relationship with the pathogenesis of the disease. Finally,
epigenome-wide association studies will need to develop a
framework that accounts for biological complexity.

A crucial element of epigenetic studies will be the generation of
tissue- and cell type—specific data. One example in which
evidence has been gained for the epigenetic regulation of specific
cell types is in the differentiation of Ty cells from naive CD4™
lymphocytes.'>'® These immune cell types are linked to autoim-
munity and allergy, and they might be central to the development
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of chronicity by generating a long-lasting cellular memory of ear-
lier environmental exposures. Methylation of the /FNG promoter
has been identified as a marker for Ty 1 lineage commitment. Thus
in a specific immune cell type epigenetic changes can determine
important cell-fate decisions that are likely to influence disease.
One of the major challenges will now be to identify the signals
that influence such cell type—specific changes, assess the role of
these changes in the pathogenic mechanisms underlying defined
phenotypes, and, ultimately, determine whether they can be ma-
nipulated therapeutically.

As in genomic analyses, obtaining an overview of epigenetic
associations will require more detailed information on disease
phenotype, including temporal changes from initiation through to
chronicity. In addition, however, consideration of epigenetics
raises another key challenge. Epigenetic differences must be
associated not only with disease phenotype but also with the
environmental inputs that generate them. Determining how to
sample the effect of the environment, however, is perhaps the
single greatest challenge for research into gene-environment
interactions.

Ultimately, of course, it will also be necessary to achieve a
mechanistic understanding of the effects of epigenetic modifica-
tions in normal physiology and disease. Epigenetic changes can
either increase or decrease gene expression. For instance, direct
hypermethylation of DNA will silence genes, whereas modifica-
tions, such as methylation of histones, can increase expression.
Such changes in gene expression might underlie the association
between the use of folic acid during late pregnancy and an
increased risk of asthma in offspring.17 Folic acid is a potent
methyl donor, and epigenetic changes arising from its use might
cause silencing of Tyl-associated genes, such as IFNG. Thus
the effect of folic acid—induced epigenetic modifications during
pregnancy might underlie the cellular changes that increase indi-
vidual propensity to asthma.

Another epigenetic mechanism that has begun to receive much
attention involves the regulation of posttranscriptional gene
expression in the cytoplasm by micro-RNAs. The transcription
of micro-RNAs is affected by environmental factors, and they are
also present in human milk in an acid-resistant form, which
suggests a potential role in modulating immune maturation in
infants.'®

Cellular mechanisms

A key focus for research into the cellular mechanisms under-
lying chronic inflammatory disease is the tissue-environment
interface. It is here, particularly in the mucosa lining the gut and
airways, that a careful balance must be maintained between host
defense and uncontrolled inflammation.'*-*

The identification of genetic or epigenetic associations with
disease phenotypes facilitates risk stratification and can therefore
help to guide monitoring and prevention. Experimental ap-
proaches must be used to determine the cellular mechanisms
involved to convert these observations into an understanding of
the disease process and, ultimately, to develop therapeutic
strategies.

Substantial advances have now been made in our understand-
ing of the role of microbial sensing, autophagy, and endoplasmic
reticulum (ER) stress in the pathogenesis of IBD.?! The innate im-
mune system contains a large array of receptor molecules that rec-
ognize conserved microbial structures and initiate cell-signaling
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cascades. This signaling maintains both physiologic host-
microbial homeostasis and epithelial barrier integrity. However,
it might also lead to the induction of an inflammatory reaction ac-
companied by tissue disruption and organ dysfunction. A better
understanding of the signaling events occurring in the intestinal
epithelium in both healthy and disease states will provide critical
insights into the processes that maintain gut homeostasis and pre-
vent an inappropriate inflammatory reaction to the colonizing
commensal microbiota while simultaneously allowing the induc-
tion of an inflammatory host response in the event of enteropath-
ogen infection.?

Key signaling pathways downstream of innate immune re-
ceptors include the interferon, mitogen-activated protein kinase,
and nuclear factor kB (NF-kB) pathways. The transcription
factor NF-kB is linked to an enormous range of disease
processes.> Tissue-specific activation of the transcription factor
in the gut epithelium of mice leads to spontaneous colitis.®* In-
terestingly, however, this genetic effect is dependent on the gut
microbiota because mice reared under germ-free conditions re-
main healthy. Thus expression of the inflammatory disease phe-
notype is clearly determined by a gene-environment interaction,
most likely involving a response of the epithelium to the gut
microbiota.

A number of genetic risk factors for IBD converge on the
Paneth cell. Paneth cells produce antimicrobial peptides, endog-
enous antibacterial effector molecules that critically contribute to
maintaining epithelial integrity.>> Interestingly, one such risk al-
lele of the Atgl6l1 gene, which is involved in autophagy and is
linked to Crohn disease,26 requires an environmental insult for
the disease phenotype to be expressed. When susceptible cells
are infected with norovirus, they become activated and develop
a hyperreactive status, but this is not converted into chronic in-
flammation.?” Thus at least 2 gene-environment interactions ap-
pear to be necessary to initiate the disease and then progress to
a chronic inflammatory phenotype. However, the nature of the en-
vironmental factor that triggers chronicity remains unclear. In ad-
dition, the circuits regulating the function of Paneth cells and the
biology of antimicrobial peptide—mediated host defense are
poorly understood.

The unfolded protein response is a pathway from the ER to the
nucleus that protects cells from stress caused by unfolded or
misfolded proteins. Interference with this pathway in mice, for
instance by knocking out the transcription factor Xbp 1, results in
an IBD-like phenotype.28 Closer analysis reveals that the gut ep-
ithelium lacks Paneth cells and, to a lesser extent, goblet cells.
These are the most secretory cell types and therefore most suscep-
tible to ER stress. When ER stress cannot be controlled in these
cells, however, they become unable to respond appropriately to
their environment or to fulfill their role in managing the microbial
milieu.?” Many of the genes involved in the regulation of ER
stress are also linked to autophagy and bacterial sensing. For in-
stance, Nod proteins control autophagy by recruiting ATGI6LI
to the plasma membrane at the site of bacterial entry and influence
bacterial handling and antigen presentation in dendritic cells.*

Atopic eczema is another example of a disease associated with
an epithelial barrier defect.’ Polymorphisms in the filaggrin
gene, which encodes a protein that binds skin epithelial cells,
are arelatively common risk factor for eczema. The defective bar-
rier is susceptible to water loss and infection and forms a route of
sensitization to environmental allergens.*” Allergy increases the
severity of the eczema and the risk of progressing to other allergic
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problems, such as asthma, hay fever, and even food-induced ana-
phylaxis. Despite filaggrin not being expressed in the airway ep-
ithelium, polymorphisms are also associated with an increased
risk of asthma. This might represent a genuine allergic march in
which a defect allowing sensitization to aeroallergens through
the skin leads ultimately to allergic asthma.

Elucidating the cellular mechanisms underlying the loss of
function at epithelial interfaces is a key challenge for the
understanding of the intrinsic mechanisms that influence chronic
inflammatory disease.” In normal homeostasis these pathways
allow epithelial barriers to fulfill their role in sensing and respond-
ing to the surrounding milieu. Genetic risk factors can predispose
the cells to become hyperreactive in response to environmental in-
sults, but additional factors are required to convert this response
into chronic inflammation. Future research should focus on defin-
ing the mechanisms through which genetic risk factors lead to loss
of homeostasis and generate mucosal inflammation and on iden-
tifying and characterizing the protective and pathogenic environ-
mental factors that encourage homeostasis and promote
inflammation, respectively. More detailed phenotyping might
help us to define individual diseases and their pathogenic time
course in more detail, but more information about the physiologic
situation is also required to design experimental studies that test
causality. It is also important to understand experimental models
in the context of human physiology rather than in isolation. Defin-
ing the differences between mice and human subjects will be of
critical importance in ensuring that insights from the laboratory
can be transferred to the clinic. Perhaps one of the grand chal-
lenges for the next 5 years is to lay the foundations for truly inte-
grated research projects in which clinical and epidemiologic,
hypothesis-generating research provides the basis for experimen-
tal, hypothesis-testing research in appropriate models that allow
findings to be transferred as smoothly as possible back to clinical
settings.

The key cell types that influence the development of chronic
inflammatory disease fall into 2 broad categories: epithelial cells
and cells of the immune system. Much interest has been generated
by the role of epithelial cells in the barrier function of the
epithelium lining the gut, airways, and skin. The mechanism by
which these cells influence the development of chronic inflam-
mation, however, is relatively poorly understood, and few clear
data have been obtained in vivo. An important challenge will be to
define the complex interactions between the epithelial barrier and
mucosal immunity and to address the effect of the microbiota on
epithelial cell functions.** The critical importance of this question
is illustrated by the dramatic change in the gut epithelium from a
sterile and largely restricted site in utero to an environmentally
exposed body surface that is densely colonized by bacteria after
birth. The processes that facilitate this transition and influence
both the bacterial composition of the microbiota and the matura-
tion of the epithelium and underlying immune system to promote
stable, life-long homeostasis are largely undefined.* These in-
clude signaling pathways that promote epithelial homeostasis
and integrity and prevent an inappropriate inflammatory response
under physiologic conditions but also help to mount an efficient
antibacterial host response in the event of infection.

In the gut the lamina propria located beneath the epithelium is
the largest reservoir of immune cells in the body. Mucosal
dendritic cells and macrophages play a key role in host defense,
yet despite their proximity to luminal bacteria, mucosal inflam-
mation is controlled under normal physiologic conditions. This is
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thought to be largely regulated by the suppressive cytokines
TGF-B and IL-10, which downregulate the proinflammatory
activity of the macrophages in a process referred to as inflamma-
tion anergy.>®

In addition to functions classically attributed to dendritic cells
and macrophages, there is accumulating evidence to suggest that
intestinal macrophages modulate T-cell responses to luminal
antigens. Oral tolerance describes the acquisition of immune
hyporesponsiveness to ingested innocuous substances and de-
pends primarily on a finely tuned cross-talk between innate
immunity (antigen-presenting cells) and adaptive immunity
(T cells), as well as on the integrity of the epithelial barrier in
the gut.*” Experiments in mice have led to the proposal of a mul-
tistep model of oral tolerance in which dendritic cells from the gut
mucosa migrate to the mesenteric lymph nodes (MLN5s) to induce
a seed population of gut-homing T cells. Gut homing allows
T cells to enter the lamina propria and to interact with local intes-
tinal macrophages, which constitutively secrete IL-10 and drive
further expansion of tolerance favoring regulatory T (Treg) cells.
This suggests that intestinal dendritic cells and macrophages
might turn out to be key players in regulating tolerance and immu-
nity induced through the intestine.*®

A body of evidence suggests that there are certain windows of
opportunity for tolerance induction, especially the neonatal
period and probably also late in fetal life.>* Reprogramming of
the immune system might in fact be a lifelong process. Naturally
occurring Treg cells with immunosuppressive properties are
abundant in human fetal MLNs, and in mice it has been shown
that neonatal (but not adult) CD4™ T cells are prone to differen-
tiate into Treg cells on stimulation. Homing of Treg cells to the
human gut mucosa seems to be particularly active in infancy.

As alluded to above, our mechanistic understanding of the
cellular activities underlying the induction of oral tolerance is
based primarily on murine experiments. It is believed that
CDI103" migratory dendritic cells, and perhaps also macro-
phages, carry antigen from the gut to the MLNs, where they
promote Treg cell induction, particularly under the influence of
TGF-B and retinoic acid derived from vitamin A.*° Additionally,
subepithelial, nonmigratory, CD103~CX3CR1" macrophage—
like cells produce IL-10 that contributes to expansion of the
Treg cells when they have homed from MLNs to the lamina prop-
ria of the gut. The homing of Treg cells can also target peripheral
tissues and organs, and this has raised hope of preventing or cur-
ing inflammatory disorders through dietary supplementation with
appropriate antigens.*' Although this approach has been success-
ful in experimental animals, human trials have been disappoint-
ing, except for some promising results mainly in the field of
food allergy.

The increasing prevalence of allergic disorders in infancy
suggests that the underlying immune dysregulation is most likely
to be an early event. Experiments based on cord blood cells
suggest that this can be ascribed to abnormal functioning of
dendritic cells and Treg cells in an immunologically immature
environment, with an effect of genetic factors or epigenetic
changes induced in the intrauterine environment. In addition,
there are many biological variables linked to the establishment of
an adequate postnatal epithelial barrier, including the generation
of secretory immunity. Secretory IgA inhibits inappropriate
immunologic activation through so-called immune exclusion. In
this process secretory IgA at the epithelial surface restricts
colonization of microorganisms and impedes penetration of
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agents that could cause hypersensitivity reactions or infection.*?

Finally, the role of the large, phenotypically diverse population
of intraepithelial intestinal T cells in immunoregulation and
defense remains uncertain.

Understanding the development of tolerance will be crucially
important in the design of treatment and prevention strategies for
chronic inflammatory disease.** There is good evidence that in-
troduction of substantial amounts of gluten before 4 months of
age significantly increases the risk of celiac disease, and similar
observations have been made in relation to introduction of wean-
ing foods and the development of food allergy. However, some
observations have suggested that delaying the introduction of
gluten until after 6 months also increases celiac disease risk.
Furthermore, there is indirect evidence from several studies
that delayed introduction of highly allergenic foods beyond 6
to 9 months of age is likewise associated with increased risk
of food allergy. Because the World Health Organization recom-
mends that weaning only commence after 6 months, there is an
urgent need to conduct studies to establish whether in an affluent
environment, such as Europe, this advice is appropriate. One hy-
pothesis is that overlapping weaning with continued breast-
feeding has the best chance of achieving tolerance. Studies are
therefore needed to improve our understanding of the factors
in human breast milk that modulate the immune response in in-
fants. Although human milk contains a remarkable array of im-
mune modulators, including secretory IgA, they vary in quantity
over time in the same mother and also considerably among
women. Identifying the environmental factors that affect the
quality of human milk could thus yield targets for intervention
to improve protective effects and influence the development of
tolerance.

Organs and systems

Chronic inflammatory disease is influenced by a variety of cell
types and not only those found in the epithelia and mucosal
immune system. This is highlighted most clearly in the interaction
between the nervous system, the immune system, and the
microbiota.** Mice reared under germ-free conditions show evi-
dence of an exaggerated stress response compared with those
reared under specific pathogen—free (SPF) conditions. Notably,
this effect can be attenuated by provision of individual bacterial
species or feces from SPF mice. However, this can only be
achieved in a short window of opportunity during early develop-
ment. Likewise, many of the long-term effects of maternal sepa-
ration in rats can be prevented by ingestion of specific commensal
bacteria. Thus the establishment of the microbiota in neonatal life
directly influences neural function.

Just as diet and gut commensal bacteria can influence neural
function, so too the brain can influence immune mechanisms and
the host microbiota. Stimulus of the vagus nerve can interrupt the
effects of LPS through effects on macrophage production of TNF.
Likewise, vagotomized animals have an exaggerated response in
acute dextran sulfate sodium colitis.** Stress can also have major
effects on the microbiota, and this itself will have consequences
for inflammatory disease.

These factors must be taken into account when interpreting data
from both longitudinal and interventional studies. Therefore an
additional future challenge is to ensure that factors such as maternal
and infant stress are controlled in interventional studies and, where
possible, monitored in cohort studies as factors that might influence
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the sensitive balance between host-related and environmental
factors that will determine future disease susceptibility.

Looking forward: The grand challenges

Next-generation GWASs. The initial findings of GWASs
have failed to identify alleles that fully explain disease heredity.
However, the focus to date has been on individual alleles and
common SNPs. The next phase of genetic studies will need to
look at combinatorial effects, as well as other factors, such as
repetitive elements and SNPs occurring in regulatory sequences.
Sequencing technology has advanced to such a degree that data
generation can now be considered trivial. The real challenge will
be to undertake meaningful analyses of those data to identify new
associations that might provide clues for research into disease
mechanisms.

Refining the models. The likelihood that genetic suscep-
tibility to chronic inflammatory disease is dependent on complex
gene interactions, variation in noncoding sequences, and epige-
netic signatures raises serious challenges for the development of
models in which to establish causality and elucidate mechanisms.
Current animal models based on single gene changes might be
inadequate to address the complexity of these multigene effects.
Similarly, animal housing conditions optimized to reduce exper-
imental variability (ie, defined commensal microbiota, absence of
pathogens, and defined diet) present problems for research aimed
at understanding the environmentally modulated course of the
disease. Effective organotypic models of human epithelial sur-
faces must be developed and used to understand the cell biology
of the host. Consensus is urgently needed on how to obtain
suitable models in which to analyze the mechanisms of chronic
inflammatory disease.

Redefining the phenotype. The genetic similarities ob-
served between different diseases raise the possibility that our
phenotypic definitions of disease are inadequate or possibly even
inaccurate. It is conceivable that by reversing the logic of GWASs,
we might find previously unexpected phenotypes. Thus by taking
genetic associations and looking for biological correlates, we might
achieve a radical redefinition of accepted phenotypic classifica-
tions. This challenging possibility could open up an entirely new
understanding of the continuum of inflammatory disease.

Mapping the pathways. A great deal still remains to be
understood about the signaling events that determine the balance
between physiology and pathology in patients with chronic
inflammatory disease. Careful mapping of the signaling pathways
used by the innate immune system, such as in specific disease
phenotypes, under healthy physiologic conditions, and in re-
sponse to specific stimuli, will generate important insights into the
intrinsic mechanisms underlying individual disease states. This is
an area in which continued support for independent academic
research activities undertaken by small, competitive research
groups is likely to be of major importance. Such approaches are
not only productive but also cost-effective and likely to generate
new insights that will drive the translational research of the future.

Key points
To achieve a mechanistic understanding of chronic inflamma-
tory disease, major efforts are still required to—

e characterize the interplay between disease susceptibility
genes in clearly stratified disease phenotypes.
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e identify cell- and tissue-specific epigenetic signatures in
populations at increased risk of disease.

o define the effect of environmental exposures on epigenetic
marks across the life course, including an assessment of the
role of inflammation and metabolism on prenatal program-
ming of disease.

e describe the cell- and tissue-specific changes that character-
ize the progression toward chronic disease.

o define the role of bacterial signals at mucosal surfaces, such
as the gut and lung, that interfere with tolerance induction
or immune-mediated disease progression.

EXTRINSIC MECHANISMS UNDERLYING CHRONIC
INFLAMMATORY DISEASE

A simple look at the geographic distribution and temporal
trends in the incidence of chronic inflammatory disease reveals
clear evidence of an environmental influence. The incidence if
diseases such as IBD and asthma have increased sharply in the last
40 years in parallel with industrialization and urbanization.*® The
spread of these diseases seems to follow lifestyle factors, such as
nutrition, hygiene, and exposure to environmental microbial
components.*’

At the body surfaces, which form the interface between the
organism and its environment, lies the microbiome. This forgot-
ten organ has a complex reciprocal relationship with its host. Its
composition and activity can have both beneficial and deleterious
effects, and at the same time, the physiologic state of the organism
can modulate the profile and effect of the microbiome. Both host
and microbiota are also influenced by environmental factors.
Thus the microbiome might be a true intermediary in the
interaction between the organism and its environment, and it
has become a key focus of research into the extrinsic mechanisms
that determine the transition from health to chronic disease.

The microbial cells in the gut outnumber the human cells in
the body by 10 to 1. Furthermore, there are 150 times as many
genes in the intestinal metagenome as in the human genome.
Perhaps even more striking is the degree of genetic variation
among the microbes of the gut. Whereas the genome of any 2
human beings differs by only 0.1%, that of any 2 Escherichia
coli from the gut is likely to differ by approximately 40%, and
these bacteria represent only a tiny proportion of the gut micro-
biota. Thus the potential for variation among the microbial
symbionts living in the transition zone between body and envi-
ronment is orders of magnitude greater than that of the organisms
on which they live.*®

Characterizing the microbiome

A detailed description of the microbiome will require data on
the genomic profiles, phylogenetic relationships, functional
properties, and spatial and temporal distributions of the different
microorganisms that it comprises. Each of these elements
presents a variety of technical and logistic challenges.

The approaches used to characterize the microbiome can be
broadly divided into 2 categories: those that are dependent on the
ability to culture the microorganisms and those that do not require
cultivable isolates. Genomic and other -omic (transcriptomic,
proteomic, and metabolomic) approaches are not culture
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dependent, and vast amounts of information can be obtained
directly from samples of the microbiota. Work by the Metage-
nomics of the Human Intestinal Tract Consortium, for instance,
has led to the generation of a catalogue of 3.3 million bacterial
genes, accounting for 85% of abundant gut microbiota genes from
a cohort of 124 Europeans and 70% to 86% of genes from groups
in the United States and Japan.*® This reference gene set will be
used in combination with genomic data to search for associations
between microbial genes and disease, and preliminary findings
suggest that individual species of gut microbes can fully discrim-
inate obesity and IBD phenotypes. This initial extensive research
effort aimed at characterizing the gut microbiome will pave the
way for future studies into other important sites of bacterial col-
onization, such as the skin, vagina, and respiratory tract.

The observation that certain bacterial species in the gut
microbiota are associated with specific IBD phenotypes raises
the question of whether these organisms are causal agents of,
contributors to, or a consequence of the disease.’® The functional
analyses required to discriminate between these possibilities,
however, are largely dependent on the availability of cultivable
isolates. Yet the vast majority of microbes cannot currently be cul-
tured. Therefore a key challenge in translating the data obtained
from metagenome-wide association studies into experimentally
testable hypotheses will be to extend the range of cultivable
isolates beyond the small number currently available.

Increasing the availability of cultivable bacterial strains will
also provide tools with which to address factors such as substrate
preferences and competition. These factors are likely to be crucial
in determining the composition of the microbiota at different
locations on the host organism, such as the skin, respiratory tract,
and gut, and even at specific sites within each and at the same site
in different subjects. Thus insights into the ecology of individual
species will be essential if we are to understand the significance
and consequences of differences in the microbiome.

Spatial resolution. Phylogenetic analyses based on micro-
bial sequence data have begun to yield important insights into the
spatial organization of the human microbiome.’' By tagging the
microbial DNA sequences present in different samples with a se-
quence barcode, it is possible to assess the phylogenetic similarity
of the microbes present at different locations on the body, between
different groups of subjects, and in different disease states. Inter-
estingly, host-associated communities, such as those of the human
gut, skin, and vagina, show a very strong phylogenetic clustering
that is much stronger than that of samples from different terres-
trial or marine environments. Thus each area of the body appears
to represent a discrete ecologic niche that determines which orga-
nisms are selected from an apparently more phylogenetically ho-
mogeneous environment.”' This raises important questions about
how the different niches are defined and maintained, how the mi-
crobiota develops in each region, and what consequences varia-
tion in this microbial ecology might have for human disease.

A first step toward answering these questions will be to generate
detailed spatial descriptions of the human microbiome. For
instance, the challenge of obtaining samples from different levels
of the human intestine has meant that characterization of the gut
microbiome has thus far been based largely on bacteria present in
feces. More detailed information is also going to be needed in
other areas of the body surface, most notably in the airways.

Despite widespread suggestions that the respiratory tract forms
a sterile environment, sampling of the airways, including the
lungs, reveals that the numbers of bacteria are similar to those
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found in the upper intestine. The profile of the most prevalent
species differs according to the anatomic level of the airway
samples (eg, the oropharynx and upper lobes of the 1ur1gs).52
Comparison of the microbiota in the same region of the airway be-
tween healthy subjects and patients with respiratory diseases,
such as asthma or chronic obstructive pulmonary disease, also re-
veals clear differences both in adults and children. For instance,
compared with healthy subjects, patients with respiratory disease
have larger numbers of known respiratory pathogens. In contrast,
anaerobic species appear to be much more common in healthy air-
ways. Interestingly, the difficulties associated with culturing an-
aerobes might at least partly explain the belief that the airways
are essentially sterile.

Obtaining a detailed spatial description of the human micro-
biome presents a number of important challenges for future
research. Sequencing is now more or less trivial, but the infor-
mation obtained is critically dependent on the methods used to
collect and handle samples. A number of groups, including the
Metagenomics of the Human Intestinal Tract Consortium, have
begun to develop standard operating procedures for sample
handling in studies of the microbiome, but it is likely that much
more work will need to be done to ensure the consistency and
therefore interpretability of the results. In addition to these
technical challenges, the influence of host genetic differences
and environmental exposures must also be taken into account.
Therefore a question for future studies is which information needs
to be collected and how this should be done in order to maximize
the data that can be obtained and minimize duplication of effort.
Furthermore, as we begin to describe the microbial populations at
spatially restricted sites in more detail, it will be important to
integrate genomic, transcriptomic, and metabolomic data on the
microbial communities with specific host responses, epithelial
biology, and immune function. Given the highly dynamic nature
of these interactions, quantitative analysis will need to be applied.

Development and maintenance of the microbiota. A
key determinant in the development of the human microbiota is
likely to be exposure at birth. Analysis of the microbiota of
newborn infants within 20 minutes of delivery reveals that
although its initial composition is essentially uniform across
different body sites, there are substantial differences between
infants according to delivery route.’> Whereas the microbiota of
vaginally delivered infants is similar to that of the mother’s va-
gina, the microbiota of infants delivered by means of cesarean
section is similar to that of the mother’s skin. Although this obser-
vation might not be entirely surprising, when we consider the high
level of specificity in the composition of the microbiota from dif-
ferent adult body regions, its implications are significant. Any
factors that alter the maternal microbiota on the skin or vagina
around the time of birth could have a profound effect on neonatal
colonization. Furthermore, these changes cannot be assumed to
be uniform. Maternal antibiotic use, for instance, might have a
different effect on vaginal microbial populations than on those
of the skin, whereas the skin microbiota might be more suscepti-
ble to change based on environmental contact.

Achieving a more detailed description of human microbial
ecology will thus be a prerequisite to understanding the factors that
influence the early infant microbiota and its effect on subsequent
disease. Cesarean section delivery has been associated with a
higher risk of allergic disease and particularly food allergy in some
studies, but the balance of evidence suggests no correlation
between mode of delivery and incidence of allergic diseases.”*
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The effect of exposure to environmental factors on the intrinsic
mechanisms of chronic inflammatory disease might thus act in
part through the microbiome.> For instance, in the nonobese di-
abetic (NOD) murine model of T1D, the cumulative incidence of
diabetes is higher in female than in male animals when reared un-
der SPF conditions. When NOD mice are reared in fully germ-
free conditions, however, this sex bias disappears. Furthermore,
early exposure to a single commensal species in NOD mice reared
under germ-free conditions confers protection against T1D. Thus
differences in exposure to commensal bacteria interact with in-
trinsic factors, such as sex, to determine the expression of a path-
ogenic phenotype. However, the influence of the microbiota on
the development of disease is not unidirectional. Evidence sug-
gests that the microbiome of NOD mice differs from that found
in diabetes-resistant mice. Exactly how these genotypic differ-
ences influence the microbial environment remains to be deter-
mined. Furthermore, the significance of this difference for the
development of T1D will require further study.

A key challenge in determining how environmental exposure
influences the development of the microbiota is to achieve reliable
sampling. Exposure to individual species or groups varies
substantially over time, and there is greater species heterogeneity
during particular periods of the year. As a result, the between-
measure sampling variability can be quite high, and there is a
substantial probability of underestimating or failing to identify
associations between exposure and disease. Future studies should
therefore focus on adequate repeated sampling, banking of
environmental and biological samples, and careful standardiza-
tion of methods.

Despite these technical and logistic challenges, significant
advances have already been made in our understanding of how
early environmental exposure to microbes influences the risk of
subsequent disease. One of the clearest examples is seen in the
effect of farming environments on the development of allergy and
asthma.”® It is apparent from epidemiologic studies that the shift
toward an urban lifestyle is linked to the increasing prevalence of
immune-mediated disorders. Nevertheless, in many European
regions comparison of disease prevalence in urban and rural envi-
ronments yields inconclusive results. When the prevalence is as-
sessed in rural environments alone, however, there is a very clear
difference between children from animal-farming and nonfarm-
ing families. Thus the animal-farming environment represents a
natural model in which to evaluate the effect of environmental
exposures on allergic outcomes.

Children born in animal-farming families have a substantially
reduced risk of allergy and asthma, and the effect appears to be
due to the diversity of the environmental microbes to which they
are exposed”’ and seemingly also to components (polysacchar-
ides) of the fodder. Interestingly, analysis of markers for innate
immunity, which are upregulated in school-age children from
farming families, suggests that the strongest influence comes
from maternal exposure to farm animals during pregnancy. The
more types of farm animal to which the mother is exposed, the
greater the effect on innate immunity in the child.

This natural human model provides a great opportunity to
identify the specific environmental factors that are responsible for
the protective effect of prenatal and infant exposure to farming
environments. Also, because some children born in farming
families do still have allergy and asthma, it might be possible to
investigate the genetic and epigenetic mechanisms underlying the
response to protective environmental exposures. The challenge
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highlighted by this example will be to design cohort studies in
which information can be obtained on both environmental and
host-related factors alongside detailed clinical monitoring and
even mechanistic studies by using the samples obtained. In this
way it might be possible to identify specific associations that
provide insights into the relationship between the intrinsic and
extrinsic mechanisms underlying chronic inflammatory disease.

The role of the microbiota is not restricted to early childhood.
Although initial colonization of niches like the gut and possibly
the airways is likely to have a determining effect on the profile of
the adult microbiome, other systemic and environmental influ-
ences can also be expected to play a role in the dynamics of the
microbial populations. One example is in the complex relation-
ship between diet and the gut microbiota. As would be expected,
diet has a clear influence on the microbial populations found in the
gut. However, the microbiota also influences factors like energy
uptake and the effects of metabolic byproducts, such as butyrate.
This might explain, for instance, the observation that low-
carbohydrate high-protein diets are associated with an increased
risk of colorectal cancer. Under these conditions, there is a
substantial reduction in butyrate levels coupled with an increase
in genotoxic metabolites. Although these changes are linked to
reductions in the numbers of butyrate-producing bacteria in the
gut, there is substantial interindividual variation. The role of
vitamin D has also attracted substantial attention in relation to the
influence of nutritional intake in patients with allergy and
autoimmune disease. Treg cells express vitamin D receptors,
and some epidemiologic studies have linked vitamin D deficiency
with increased asthma risk. Similar relationships have been found
for reduced intake of other dietary components, such as fresh fruit
and vegetables and omega-3 polyunsaturated fatty acids, factors
that might well interact with genetic and epigenetic variation.
Therefore an important challenge for future research will be to
begin to unravel the complex population dynamics of the micro-
biota in response to environmental inputs, such as nutrition, and to
explore the role of host niche-related factors in determining
bacterial responses.

Mechanisms of host-microbiome interactions:
Establishing causality

There is perhaps no clearer illustration of the relationship
between extrinsic and intrinsic mechanisms than that seen in the
interaction between host tissues and the commensal microbiota.
Evidence has accumulated to support reciprocal interactions
between the host immune system and bacteria living on body
surfaces. Consequently, one of the major challenges for our
understanding of the influence of host-microbiome interactions
on chronic disease is to determine when changes in the microbiota
are a primary cause of disease and when they reflect the adaptive
capacity of bacteria in response to changing ecologic conditions,
such as the influence of mucosal immunity.

An important consideration for any research into the role of the
microbiome is to determine whether changes precede the onset of
disease or are merely a consequence of it.>® Data on this point,
mostly based on fecal microbial cultures, are currently limited
and often conflicting. Nevertheless, some evidence has been ob-
tained to suggest that the diversity of the microbiome in infants,
particularly in relation to the balance of bifidobacterial species,
is associated with increased risk of subsequent atopic dermatitis
and allergic sensitization. Although much less is known for
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asthma, there is evidence of differences in the metagenome of the
lower respiratory tract between asthmatic patients and healthy
control subjects. Also, colonization with Streptococcus pneumo-
niae, Haemophilus influenzae, and Moraxella catarrhalis has
been reported to precede new-onset asthma in a birth cohort
study.5 8

A key issue for the understanding of how the microbiome can
influence chronic disease is its effect on systemic immune
responses. Support for a systemic influence of the microbiota
comes not only from epidemiologic studies but also from
experiments in animal models.”>® It is known, for instance,
that the normal gut microbiota has a protective effect against
the development of T1D in the NOD murine model. In different
disease models, however, the effect of the microbiota or its
components might be deleterious or there might be no effect
at all.

Contradictory findings have also been reported regarding the
ability of the microbiota to influence systemic immune responses
in immunocompetent animals. For instance, some authors have
argued that the peripheral immune effects of the microbiota are
restricted to the relevant compartment (the intestine), whereas
others have shown that bacterial factors can translocate from the
gut to the bloodstream to activate immune cells. In addition, the
results of some studies have suggested that peripheral immune
responses are only stimulated in animals with defects in innate
immunity, suggesting that the host immune status itself influences
the response to the microbiota.

Despite the complexity of the problem, some advances have
begun to be made in identifying the cellular and molecular
mechanisms through which the microbiota can influence the
mucosal immune system. Bacterial flagellins, for instance, have
been found to have species-specific effects on gene expression in
epithelial cells through binding to Toll-like receptors (TLRs).
Notably, induction of NF-«kB, a key event in the development of
inflammation, is found to be flagellin dependent. Thus epithelial
cells appear to be responding to bacteria directly by activating
signaling pathways with known roles in inflammatory disease.

When the response to flagellate and aflagellate pathogens is an-
alyzed in mice, clear differences in dendritic cell recruitment are
observed. Rather than triggering normal recruitment, aflagellate
Salmonella species leads to severe intestinal inflammation and
the development of granulomas in the small intestine. This sug-
gests that bacterial signaling through the epithelial cells is in-
volved in regulating the mucosal immune response. Impaired
epithelial signaling through the flagellin/TLR pathway results
in an abnormal immune response and severe chronic
inflammation.

Such findings raise important questions about the role of the
mucosal barrier under normal physiological conditions. It is
widely assumed that the mucus layer serves to prevent bacteria
from accessing the epithelium, except under conditions of disease
or damage. However, further research is clearly needed to
determine whether this is truly the case or whether bacteria are
in fact able to access the epithelium of a healthy gut (or airway).
Notably, for bacteria to have an effect on the host, it might only be
necessary for soluble components to penetrate the mucus (and
epithelial) layer and interact with TLRs.

Attempting to address the interaction between the mucosa and
the microbiome is a major technical challenge, not least because
the gut microbiome detected in fecal specimens might not
represent the organisms that have the greatest effect on epithelial
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events. Mucosal biopsy specimens might ultimately be required
to truly identify the pivotal interactions between organisms and
the human host. Furthermore, because the microbiota varies
according to the environment in which animals are raised,
reproducibility of results obtained at different research centers is
an important consideration. One possible solution is to consider
the use of multisite trials in the same murine strains. Great care
must also be taken in the choice of control subjects because
unintentional variations in the microbiota must be limited as
much as possible. Establishing causality is central in any attempt
to understand the role of extrinsic factors in the mechanisms of
chronic inflammatory disease. Descriptive studies of the micro-
biome will be essential for generating hypotheses about the
protective or pathogenic roles of microbial species, but these
hypotheses must eventually be tested in defined experimental
models. Gnotobiology, or the rearing of animals under germ-free
conditions, can then be used to analyze the role of the
microbiome or its component species either under normal
physiologic conditions or in specific animal models of human
disease.

The combination of precisely defined genetics and controlled
microbial exposure represents a powerful tool with which to
explore the relationship between intrinsic and extrinsic mecha-
nisms. In principle, it should be possible to introduce individual
bacterial species or species combinations into animals with
defined and even tissue-specific genotypes to analyze the conse-
quences for global, tissue-level, or cellular disease phenotypes.
As with all experimental models, however, the results obtained
will be dependent on the parameters. Key challenges will be to
ensure that the models accurately reflect the human phenotype
and that the dynamics of the microbiota mimic those of the
corresponding human microbial niches. Ongoing efforts will be
required to increase our understanding of the complexities of the
human phenotype, both under normal physiologic conditions and
in disease states, and to use these findings to generate the most
appropriate experimental models.

Looking forward: The grand challenges

Functional analyses. Genomic and phylogenetic analyses
of the microbiome will provide important insights into the
relationship between disease states and variations in the species
profile of the microbiota. If studies are designed appropriately, it
should also be possible to analyze the associations between these
factors and the genetic and epigenetic variations apparent in the
host. This will require the use of well-defined gnotobiotic animal
models. However, to improve our understanding of the micro-
biome and perhaps begin to manipulate it therapeutically, we will
also need to carry out functional analyses of the components of
the microbiota. Therefore an important challenge for microbiome
research will be to increase the availability of cultivable isolates
and assess the factors that influence their ecology in healthy and
diseased hosts. New paradigms exceeding the Koch-Henle pos-
tulates need to be defined and developed to create a new scientific
basis for functional studies. This information will also be essential
in interpreting the results of manipulating individual species
within a complex microbiota.

Environmental sampling. Assessment of environmental
effect is limited by the extent to which we are able to measure the
environment. The sequencing of the human gut microbiome has
raised hopes of microbiome-wide association studies, but it will
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now be important to extend the principle to other organs (eg, the
skin and airways) and environmental exposures. Even in some-
thing as apparently straightforward as nutrition, experience has
shown that accurate and reliable information on individual food
consumption is hard to obtain. Therefore the challenge must be to
develop paradigms for accurate sampling of the environment.
Efforts must be made to determine which environmental factors to
sample, when, and how.

Integrated longitudinal studies. The influence of early
exposure to farming environments on the risk of allergy and
asthma is an example of where long-term cohort studies are
expected to yield substantial insights into the extrinsic mecha-
nisms of chronic disease. By combining additional genetic and
epigenetic data on the subjects along with careful collection of
environmental and biological data, such studies could provide
further clues as to the relationship between intrinsic and extrinsic
mechanisms. However, is it time to consider extending these
approaches to include an embedded mechanistic component? As
samples and data are generated, close collaboration with labora-
tory research groups could allow hypotheses to be tested at an
earlier stage while retaining the open-minded approach charac-
teristic of epidemiologic studies. Substantial logistic and eco-
nomic barriers will need to be overcome through common
strategic goals if such a long-term integrated approach is to be
successful. In addition, however, improvements in statistical
methods will be required to reduce the complexity of data on
the diversity of the microbiome to manageable but biologically
meaningful dimensions.

Key points

To better understand the effect of environmental exposures and
the extrinsic mechanisms underlying chronic inflammatory dis-
eases, significant research effort will be required to—

e accurately sample the relevant environmental exposures, in
particular the environmental microbiome.

e generate a detailed spatial and temporal profile of the mi-
crobial populations found in the environment and at spe-
cific sites on the host.

e achieve functional characterization of the host-microbe
interaction.

e examine the effect on the tolerance of modifying coloniza-
tion and exposure.

e establish long-term, multidisciplinary cohort studies that
include careful phenotyping of enrolled subjects and com-
prehensive collection of environmental and biological data
along with an embedded mechanistic component.

EMERGING CONCEPTS IN THERAPY AND
PREVENTION

As we increase our understanding of the intrinsic and extrinsic
mechanisms underlying chronic inflammatory diseases, we are
faced with a new challenge, namely to use that knowledge to
benefit human health. Insights into the response of the organism to
environmental insults and the factors that determine the transition
to disease chronicity will help us define new therapeutic targets.
Likewise, identification of the environmental factors that promote
or protect against future disease raises realistic hope of preven-
tion. The challenge for researchers is now to develop strategic
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approaches that will convert chronic inflammatory diseases into
preventable and treatable conditions. Any such approaches will
need to take into account the fact that the association studies that
inform them do not necessarily imply cause and effect and that
animal studies might not extrapolate to human subjects. Conse-
quently, it is only through interventions targeting putative mech-
anisms that causal relationships can finally be demonstrated in
human subjects.

Therapy

Although it is to be hoped that insights into the intrinsic and
extrinsic mechanisms underlying chronic inflammatory disease
will lead to the identification of increasingly specific therapeutic
targets, there is inevitably a lag between research and clinical
development. In patients with Crohn disease, for instance, many
of the newest drugs approaching the market target Ty 1-mediated
immunity, which was thought up until recently to be central to the
pathogenesis of the disease.®’ The elucidation of the role of
NOD?2, however, has shifted attention away from a primary prob-
lem in adaptive immunity and toward defects in the innate han-
dling of bacterial components.®> Clearly this highlights the
ongoing need to streamline the translation of research findings
into clinical development, but it also raises other issues. For
instance, does our current knowledge of disease phenotypes and
individual susceptibility support the search for a single effective
pharmacologic target? Experiences from the development of
drugs to treat asthma suggest not.

IL-13 was identified as a key therapeutic target in asthma based
on its ability to influence Ty2 cell differentiation, airway inflam-
mation, and hyperresponsiveness. Although therapeutic dosing of
anti—IL-13 in mice clearly inhibited allergen-induced Ty?2 airway
inflammation and remodeling, the results in human clinical trials
were disappointing.®® In fact, the clinical control of asthma did
not differ between placebo and anti—IL-13 treatment at any of
the doses tested. Does this mean that IL-13 is not an effective tar-
get for the treatment of asthma after all? Investigation of subsets
of asthmatic patients would seem to suggest not.

Analysis of the expression of IL-13-inducible genes in the
airway epithelium reveals that there are 2 major subphenotypes of
asthma: Ty2-high and Ty2-low asthma.®*® Patients with Ty2-
high asthma have upregulated expression of IL-13 targets, in-
creased bronchial hyperresponsiveness, and a positive response
to corticosteroid treatment. Although these steroid-responsive
asthmatic patients also display other markers of classical asthma,
such as eosinophilia and increased IgE levels, patients with
Ty2-low asthma do not. On this basis, it is an important observation
that there is a statistically significant effect of anti—IL-13 therapy
when assessed in a stratified population of asthmatic patients.6°

Grouping patients together without paying adequate attention
to possible subphenotypes might lead to a failure to recognize or
approve effective treatments. One such example might be sodium
cromoglycate, which was removed from the list of drugs approved
by the World Health Organization on the basis of a meta-analysis
that showed no evidence of treatment benefit in children aged
between 3 and 18 years.67 Given that approximately 50% of
patients in fact have Ty2-low asthma, it is possible that sodium
cromoglycate is indeed effective when used in the right patients.
Thus failure to pay attention to subphenotypes might have re-
sulted in the loss of a safe and effective treatment option for
asthma.®®
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The need to ensure that potential treatments are assessed in the
appropriate patient group is further exemplified by the results of
clinical trials to assess the efficacy of anti—IL-5 therapy for
asthma. IL-5 was another strong candidate target because of its
role in eosinophil maturation, and experiments in animal models
clearly supported IL-5 inhibition as a potential asthma treatment.
Despite reducing eosinophilia, however, anti—IL-5 mAbs did not
produce a statistically significant improvement in asthma symp-
toms in clinical trials. Thus, as with anti—IL-13, the initially
promising results of preclinical studies did not translate into
clinical efficacy when tested in asthmatic patients.

When asthmatic patients are selected on the basis of failure to
control eosinophilia with high-dose oral corticosteroids, however,
anti—IL-5 therapy reduces circulating and sputum eosinophil
numbers and leads to a 50% reduction in exacerbations. Although
this subtype of steroid-refractory disease is observed in only
0.02% of patients with asthma, the drug is clearly effective when
appropriately targeted. Thus the choice of patient group based on
accurate phenotyping is a key concern for future drug
development.@’m

Experiences with anti—IL-13, anti-IL-5, and perhaps other
drugs, such as sodium cromoglycate, for the treatment of
asthma highlight 2 key issues. First, much more information
is required on the range of phenotypes currently encompassed
by a given disease classification. Without this sort of deep
phenotyping, it will be impossible to determine whether a
potential therapy is clinically ineffective or simply inappropri-
ately targeted. Second, the experimental models used to identify
putative drug targets must be sufficiently well characterized to
determine whether they adequately reflect the human disease.
Thus both patient selection criteria and choice of animal model
will be dependent on improving our classification of specific
disease phenotypes. If these advances can be made, personal-
ized therapy might prove to be a natural consequence of
effective clinical development.

Pharmacogenetics is another example of the genotype-
phenotype interactions driving a move toward personalized
medicine.”' Certain genetic polymorphisms are associated with
poor responses to either corticosteroids, leukotriene receptor an-
tagonists, or agonists of [3,-adrenergic receptors. These data
clearly indicate that not all patients with the same disease pheno-
type benefit equally well from certain therapies. Furthermore,
with increasing availability of biological drugs, it is very likely
that the issue of therapeutic responsiveness will become increas-
ingly important. These examples further highlight the need to de-
velop diagnostic tests in parallel to the development of stratified
treatment strategies that take into account individual therapeutic
responsiveness. However, very strong associations need to be
identified to identify useful clinical predictors. Thus odds ratios
of 10 or more for the association between the predictive factor
and the outcome are necessary (compared with associations about
1 log smaller that are usually found in GWASSs), and this will re-
quire very large sample sizes to achieve adequate statistical
power.

Prevention

Probiotics. The link between prenatal or perinatal exposure
to complex microbiota and protection against allergic diseases
raises the hope that provision of specific bacterial strains as infant
milk supplements could be used in the prevention of these
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diseases. To date, however, the results have been mixed. Although
some studies have shown a reduction in the risk of diseases, such
as atopic dermatitis, others have failed to reproduce these
findings. As a result, systematic reviews’> have concluded that
the evidence is insufficient to recommend the use of probiotics
as infant food supplements. Cochrane reviews of probiotics for
the prevention of eczema and allergy, for instance, indicate only
a weak, if any, significant effect.

The failure to obtain consistent support for the efficacy of
probiotics does not necessarily imply that they no longer have a
future, however. As with clinical trials of new asthma therapies,
the challenge might be in defining the parameters. All probiotic
strains are unique, and the results obtained with a given
preparation will inevitably depend on the specific strain used.
Consequently, when meta-analyses consider probiotics as a
whole rather than as individual strains produced under controlled
conditions, the results might be misleading. Furthermore, the
efficacy and safety of a probiotic will also be determined by a
range of host-related and environmental factors that must be
carefully controlled if reliable conclusions are to be drawn from
clinical studies. Nevertheless, the gut microbiome is extremely
diverse, and we have only a very limited understanding of the
biology of many of the different strains present. Consequently,
administering large doses of only 1 or 2 selected probiotic strains
might prove to be too simplistic an approach. Before reliable
prevention strategies can be developed, it is likely that much
more research will be needed to understand the function of gut
microbes in normal physiology and disease. European Union
regulations now require that the health effects and safety of a
probiotic strain must be demonstrated in each case and that the
strains must be clearly identified and deposited in public culture
collections to facilitate comparison and verification. It is hoped
that these regulations will have an immediate effect on public
health by prohibiting the sale of a large number of bacterial
preparations that are currently marketed without any clear
demonstration of health benefits. However, it might also offer
the longer-term benefit of promoting standardization of strain
characterization and documentation of individual health-
promoting properties and safety. Future efforts should thus focus
on quality control for the strain properties used originally as
selection criteria for probiotics because industrial processes
might cause changes in the properties of live organisms.

The first major challenge for the future of research into
probiotics will be to identify the changes in the microbiota that
are associated with disease. However, it will be essential to obtain
extensive data on the context in which those changes occur to
facilitate effective translation into clinical research. Thus epide-
miologic studies must make every effort to rigorously record
crucial information not only on environmental exposures but also
on genetics and host-related factors. Furthermore, it will be
necessary to explore the relationships between different strains of
bacteria and between complex mixtures and the environment. It is
only with this information that the results of clinical testing can be
fully interpreted and appropriate tailored interventions can be
designed.

The potential use of probiotics is not limited to modulation of
the microbiota. Both prevention and treatment of a variety of
chronic diseases might be amenable to the use of genetically
modified bacteria designed to deliver recombinant therapeutics.
Experiments with Lactococcus lactis have begun to show prom-
ising results in both animal models and human subjects.
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Evidence supporting the prophylactic use of recombinant
probiotics has come from studies in patients with oral mucositis.
This extremely debilitating condition involves painful inflamma-
tion, necrosis, and ulceration of the oral mucosa as a consequence
of radiotherapy or chemotherapy. In addition to the requirement
for intravenous analgesics and parenteral nutrition, oral mucositis
can lead to interruption of cancer therapy, and effective treatment
is therefore a high priority in these patients. Trefoil factors, which
are structural components of the mucus, have been shown to heal
ruptures in the intestinal epithelium in murine models of colitis.
When these are provided prophylactically in a mouthwash
containing a recombinant L lactis strain, radiation-induced oral
mucositis is significantly reduced in a hamster model of the dis-
ease. Human studies are currently underway, with promising
results.”

In addition to prophylactic treatment, genetically modified
probiotics74 can also be used for therapeutic interventions. Exper-
iments in murine models of ulcerative colitis have shown that
administration of L lactis expressing recombinant IL-10
downregulates ongoing inflammation. Preliminary clinical data
suggest that similar results can be obtained in human subjects
and that the treatment is well tolerated. Another example of the
potential therapeutic use is in T1D. Preliminary evidence from
recent-onset diabetic NOD mice suggests that combination ther-
apy with L lactis expressing IL-10 and proinsulin allows effective
reduction of the dose of anti-CD3 treatment, thereby limiting the
potential toxicity associated with anti-CD3. The approach leads
to substantial sustained remission in this model of recent-onset
diabetes.

A major challenge for these approaches is to achieve consistent
dosing. Comparison of the numbers of live and total recombinant
bacteria in fecal samples reveals a wide distribution among
patients receiving set doses of the preparation. Consequently, the
actual dose received by any given patient might be poorly
controlled. When considering these bacteria as a delivery vehicle
for a recombinant therapeutic, this is obviously an important
limitation in interpreting the effects observed. It should be
remembered, however, that this is also likely to be a consideration
applicable to any probiotic. Thus carefully controlled studies are
required to identify the factors that determine viability and
therefore dosage control in both genetically modified and natu-
rally occurring probiotics.

Pharmaceutical regulatory requirements represent another
major hurdle to be overcome in the development of probiotics,
particularly genetically modified strains. Good Manufacturing
Practice must be complied with, and in addition to animal
toxicology, studies must be undertaken to demonstrate identity,
purity, stability, and potency. In the case of recombinant strains,
pharmaceutical uses are considered to be deliberate release of a
genetically modified organism into the environment. As such,
comprehensive risk assessments and effective containment sys-
tems must be demonstrated. All of these factors are important
public health considerations and are therefore a positive step
rather than a hindrance. However, they place considerable
demands on the product development process that must be
considered carefully.

Finally, an increasing area of interest is the role of prebiotics.’
Initial studies have explored the in vitro effects of galacto-
oligosaccharides and fructo-oligosaccharides on immune mecha-
nisms, and 2 primary prevention trials have been undertaken.
Interestingly, some of the beneficial effects of human milk are

5

RENZ ET AL S39

related to the prebiotic oligosaccharide content. Combined provi-
sion of prebiotics and probiotics (known as synbiotics) now rep-
resents an interesting area for research into prevention strategies.
Future studies will need to explore not only the effectiveness of
clinical interventions but also the mechanism of action of these
supplements.

Dietary modification. Evidence from multiple studies
shows that breast-feeding is associated with a reduced risk of
obesity later in life. Furthermore, the risk of obesity continues to
decrease with longer periods of breast-feeding up to around 7
months. Comparison of breast-fed and formula-fed infants in
affluent populations shows that breast-feeding is also associated
with slower weight gain. At the same time, high early weight gain
carries a 2- to 3-fold greater risk of obesity at school age and in
adulthood. Thus the relationship between breast-feeding and
early weight gain might play a role in determining the likelihood
of childhood and adult obesity, which is a key risk factor for other
chronic diseases.

The health-economics effect of controlling early weight gain is
predicted to be enormous if we consider the relationship between
obesity and chronic diseases, such as type 2 diabetes and
cardiovascular disease. Similar gains in terms of health expendi-
ture and quality-adjusted life years can be expected from early
interventions to prevent diseases such as asthma, allergy, and
perhaps even T2D.”® Therefore a major challenge for future re-
search will be to determine the extent to which dietary modifica-
tion can directly or indirectly influence the risk of having these
diseases. In many cases this will involve interplay between nutri-
tional or environmental factors and the development of the micro-
biota. Consequently, it will be essential to integrate findings from
epidemiologic research with those from investigation of the mi-
crobiome to design appropriate intervention studies. Further-
more, mechanistic insights are urgently required to explain the
biological links between the diseases. In the case of asthma, for
instance, several mechanisms have been proposed to explain the
link with obesity. These include a role for low-grade inflammation
centered on the adipose tissue or an effect on lung development
and function. No clear causal relationships have yet been demon-
strated, however.

Taking into account the role of genetic susceptibility will be
important in determining who is likely to benefit from specific
interventions. The role of gene expression in determining sus-
ceptibility, disease course, and response to treatment or preven-
tive measures might itself be modifiable, however. Epigenetic
modifications, such as methylation, play a clear role in regulating
gene expression, and these variations can be controlled by a
variety of extrinsic factors, including nutrition. Altering the levels
of methyl donors in the maternal diet of agouti mice, a classic
animal model in which the level of CpG methylation in the agouti
promoter regulates coat color and other phenotypes, such as
obesity and susceptibility to diabetes and cancer, changes the
phenotype of the offspring. Thus epigenetic changes resulting
from dietary modification can determine whether a specific
genotype generates a phenotype with health-related conse-
quences. But is there evidence that such modulation occurs in
patients with other diseases?

When experimentally induced asthma is analyzed in the
offspring of mice fed a diet rich in methyl donors during
pregnancy, the severity of airway disease is greater than in the
offspring of animals fed a diet low in methyl donors. Interestingly,
this effect appears to be transgenerational, suggesting that
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maternal environmental exposures could influence the heritable
risk of allergic airways disease.”’ This observation in mice is sup-
ported by epidemiologic studies on the effect of perinatal folate
ingestion, which might be associated with a slight increase in
the risk of wheeze and physician-diagnosed asthma in young
children.

A great deal remains to be understood about the relationship
between environmental inputs, epigenetic changes, and specific
disease phenotypes before dietary modification can realistically
be used to influence the epigenetic control of disease. Neverthe-
less, clinical research into the effect of dietary modification on
chronic disease must take into account epigenetic changes
alongside genotype as a major factor likely to determine outcome.
Clearly, future clinical developments will be dependent on close
collaboration between clinicians, epidemiologists, and molecular
biologists among others.

Tolerance induction. As with early dietary modification
and the prophylactic use of natural or genetically modified
probiotics, tolerance induction can be used as an approach to
prevent the onset of allergic disease rather than to treat existing
disease.”®’? Studies in animal models have now shown that re-
combinant polyvalent chimeric allergens can be effectively
used for the prophylactic treatment of allergy through a mecha-
nism involving modulation of regulatory cytokines. Prophylaxis
is found to be more effective than therapeutic intervention,
whereas mucosal application appears to be more effective than
systemic treatment.

Tolerance induction as a prophylactic measure follows a
similar model to vaccination used in early childhood to protect
against infectious diseases.* The obvious advantage of such an
approach is that by preventing the onset of disease, it improves in-
dividual quality of life and reduces health care expenditures com-
pared with curative measures. However, a number of points
remain to be addressed before its widespread use can be recom-
mended. These include the appropriate timing of prophylaxis,
the duration of protection, and the target groups (in all infants
or only in those identified as having an increased risk).

Dietary modification can also be used to induce tolerance in
infants at risk for allergic disease. When children with a family
history of atopy receive hypoallergenic hydrolyzed protein for-
mula instead of cow’s milk formula, the risk of allergies and
atopic dermatitis is significantly reduced. However, the effective-
ness of this approach differs according to the type of hypoaller-
genic formula. Furthermore, there are a number of safety issues
that remain to be resolved.

Looking forward: The grand challenges

Significant progress has been made in our understanding of
the mechanisms underlying chronic inflammatory disease. The
complex interactions between host, environment, and micro-
biome that ultimately determine the transition to chronic path-
ological inflammation, however, place particular demands on
clinical research to identify new therapies and preventive
measures.

Improved phenotyping. The design and interpretation of
clinical trials is critically dependent on patient inclusion criteria.
Because evidence increasingly suggests that current disease
classifications are inadequate, it is likely that treatment groups
might not always be phenotypically homogeneous. As a result, the
outcome of clinical trials might not accurately reflect the efficacy
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of a drug in the appropriate target population. Therefore an
important challenge for future clinical research will be to enhance
the phenotypic resolution of existing disease classifications.

Promising results in animal models can also fail to yield the
expected outcome in human studies. As we improve our classi-
fication of disease phenotypes and subphenotypes in human
subjects, it will be important to use this information to inform the
choice of animal models used to identify therapeutic targets and
screen potential drugs. Thus improving the correspondence
between human phenotypes, animal models, and patient selection
criteria in clinical trials should increase the likelihood of success
in clinical research and drug development.

Effective translational research. The hypothesis-
generating research characterized by GWASs and metagenome-
wide association studies yields large amounts of data that must be
validated in hypothesis-testing experimental models. Therefore a
key challenge for the future will be to obtain maximum benefit
from these approaches and increase the likelihood of identifying
effective treatment and prevention strategies. This calls for
unbiased, high-throughput translational research in which the
right targets are analyzed in the most appropriate model and
potential treatments are explored in the right patients. In practice,
this is a logistic rather than a technological or intellectual
challenge. It is nevertheless a formidable task. For a number of
years, there has been an increasingly rigid separation between
academic and pharmaceutical industry research. Furthermore,
despite the bioscience industry having a clear interest in promot-
ing -omics approaches, access to the necessary technology and
regulations on the exploitation of the data generated present
practical and ethical barriers to progress that need to be overcome.
Given the size of the task and the economic implications, strong
academic-industrial partnerships that take into account the needs
of society will need to be established. This is essential if we are to
advance our understanding of complex inflammatory diseases and
benefit European health care.

Health economics. As research provides insights into the
intrinsic mechanisms, environmental triggers, and protective
factors that influence the development of chronic inflammatory
disease, both preventive and therapeutic strategies can begin to
be considered. A major challenge for future health-economics
analyses will be to determine the effect of nutritional modifica-
tion for the prevention and treatment of disease. Furthermore,
health investment will need to take into account not only the
treatment of existing disease that has its cause in infancy and
childhood but also the prevention of disease in future adult
populations.

Key points

To translate research findings into treatment and prevention
strategies that will benefit European health care, substantial
efforts are now required to—

e improve treatment options through the use of patient selec-
tion criteria based on deep phenotyping (clinical and
biological).

e cnhance patient stratification through the identification of
novel biological markers.

e develop effective primary prevention strategies that take
into account the limited success of probiotics achieved to
date and explore the potential of prebiotic approaches.
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FIG 3. Strategic recommendations for future research into chronic inflammatory disease.

e explore the clinical potential of tolerance induction through
safe microbial compounds and elucidate the mechanistic
justification for their use.

STRATEGIC RECOMMENDATIONS

At the end of each workshop in Barcelona, delegates discussed
strategic recommendations that they believed were relevant to the
future of research into chronic disease. These were organized into
6 broad categories (Fig 3).

Future scenarios for research into chronic
inflammatory disease

The future direction of research into chronic inflammatory
disease depends not only on the identification of the grand
challenges within the field but also on the factors that affect our
ability to address them. As part of a scenario-building exercise
designed to model the future of research into chronic disease, 7
influencing fields were identified (Fig 4).

Each field encompasses key considerations that will shape the
future of research into chronic disease. The types of research that
can be undertaken and the outcomes that can reasonably be
expected are obviously conditioned by the infrastructure that
supports them and the availability of the required expertise.
Establishment of interdisciplinary research, for instance, requires
not only the provision of appropriate infrastructure but also the
training of scientists in the analysis of complex datasets and cross-
disciplinary communication. These foundations cannot be laid, of
course, without adequate financial support. Therefore a key
consideration for the future direction of research is whether

sufficient resources can be made available to fund a broad range of
topics or whether research must focus only on a limited subset of
questions.

One determining factor in this question is the role of industry
and its relationship with academia. Will industry, for instance,
play an important role in determining the research agenda, and to
what extent will this be influenced by science policy and
academic research strategy?

Furthermore, although science policy can be assumed to be
influenced by the needs of society, strategic decisions will also
determine the level of public sympathy to the needs of research
and the role of stakeholders in the provision of health care. Public
support will in turn affect the type of research that can be
undertaken, particularly considering ethical issues, such as access
to sensitive data and use of biological samples.

Taking all of these and other considerations into account, the 7
fields identified as influencing the future of research into chronic
disease could be subdivided into 15 influencing factors (Fig 5).
When these influencing factors are explored in a variety of possi-
ble future scenarios, we can begin to predict the effect of current
decisions.

Optimizing the relationship between academia and
industry. If adequate infrastructure and research funding are
generated along with public cooperation in the development of
biobanks and large-scale longitudinal studies, significant in-
sights are predicted to be gained into the pathophysiology of
chronic inflammatory diseases. Knowledge generation is as-
sumed to be optimal, resulting in widespread identification of
risk factors and therapeutic targets. However, without appropri-
ate mechanisms to ensure knowledge transfer between academia
and industry, health care delivery is likely to suffer from a lack
of innovation and limited economic benefits arising from this
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FIG 4. Influencing fields affecting future research into chronic inflammatory disease.

knowledge generation. The failure to exploit the commercial
potential of scientific knowledge might lead to a weakening of
Europe’s position in the health care industry and even a danger
that European research investment could be exploited by compa-
nies in other parts of the world. The limited economic return
generated from substantial investment in infrastructure and
long-term research projects could then ultimately threaten future
investment.

In an alternative scenario European competitiveness in the
health care industry is ensured through investment in goal-
directed research driven by interactions between industry and
academia in those areas expected to generate marketable pro-
ducts. The resulting emphasis, however, could be predicted to
largely ignore prevention. Marketing of products designed to
alleviate symptoms might also fuel public skepticism over the
relationship between industry and policy. As a consequence,
public sympathy for the needs of research into chronic diseases is
expected to be reduced, and there will be an emphasis on data
protection and adherence to ethical standards. Under these
conditions, the influence of independent researchers is extremely
limited. The long-term consequences of such a scenario could be
a relative failure to advance understanding of causative factors
and a paucity of public health measures to improve population
well-being and reduce health care expenditures.

Balancing health-economics considerations. Con-
cerns over spiraling health care costs could have multiple effects
on health policy. First, emphasizing the role of lifestyle and
societal factors in chronic disease could lead to a focus on
prevention. Under these conditions, substantial resources would
be invested in public health education, and the availability of

funding for research would be reduced. Publicly funded research,
as well as research in industry, would be focused almost exclu-
sively on prevention. Research in other areas would therefore be
dependent on support from charities and would not have access to
the infrastructure available for prevention research. Most of the
prevention strategies would address the most prevalent chronic
diseases, and in the absence of well-funded basic research, the
approaches would be reliant on current scientific knowledge.

In an alternative scenario the need to control health care
expenditures results in a requirement for proved cost-
effectiveness at all levels. Under these conditions, there would
be limited investment in research infrastructure, and basic
research funding would be restricted by the difficulty of demon-
strating a reliable return on investment. Support for investigator-
driven clinical trials aimed at identifying the most cost-effective
therapies would be expected to grow while approval of new drugs
would be increasingly challenging. As a consequence, the phar-
maceutical industry would be expected to focus most of its budget
on incremental innovation and reduce its support for long-term
basic research with the potential for groundbreaking innovation.
The overall effect of these policy decisions would thus be to
substantially reduce the potential for innovation and to slow the
rate of progress in health care development.

RECOMMENDATIONS FOR RESEARCH INTO GENE-
ENVIRONMENT INTERACTIONS IN PATIENTS
WITH CHRONIC DISEASE

During the consensus conference in Berlin, delegates discussed
the grand challenges and strategic targets identified during the
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FIG 5. Factors influencing research into chronic inflammatory disease.

Barcelona workshops in light of the insights gained from the
scenario-building exercise. The outcome is the following series of
considerations for the future of research into gene-environment
interactions in patients with chronic disease.

Therapy and prevention

To prioritize recommendations, we must establish the
intended outcome of research into chronic inflammatory dis-
ease. Thus if the ultimate goal is to reduce the burden of these
diseases, research priorities must support the development of
strategies for disease management. Such strategies, however,
can be separated into 2 fundamentally different categories,
therapy and prevention, and recommendations should make
clear distinctions between them. Clinical development must
take into account core differences in the regulatory require-
ments for therapeutic and preventive interventions. Research
strategies and models for collaboration between different
stakeholders must also bear in mind the different product-
development and marketing considerations affecting the phar-
maceutical, diagnostics, and food industries. Basic research
will also need to distinguish between disease initiation, main-
tenance, and exacerbation to provide a clear scientific basis for
the clinical development of novel therapies and prevention
strategies.

A stratified approach needs to be developed for both therapy
and prevention. Stratified therapies will be applied based on new
disease classifications, which, in turn, are defined by clinical
and biological (sub-) phenotypes. This approach requires deep
environmental, clinical, and biological phenotyping of patients.
This must go hand in hand with the identification and develop-
ment of novel biomarkers, providing an easy in vitro diagnostic

approach for phenotypic classification of the patients. An impor-
tant approach toward this goal will be the integration of -omics
data, requiring huge investments in bioinformatics and systems
biology. Significant progress can be only achieved through the
development of an advanced level of academic-industrial part-
nerships involving both the pharmaceutical in vitro diagnostics
industries.

Key issues for prevention include the selection of appropri-
ate populations and the long-term tolerability of putative
protective agents. In the current climate the term probiotic
should be used with caution, and substantial efforts will be
required to develop a more rigorous scientific evidence base
supporting the use of probiotics in patients with chronic
inflammatory disease. It might therefore be advisable to
develop strategies to improve the characterization of any
microbial preparation intended to protect against the initiation
or progression of disease. This should include a comprehensive
description of its mechanism of action. On the basis of current
knowledge, a clear separation must be made between research
into probiotic effects and that addressing the nature and
influence of the microbiota. An important target for future
clinical research will nevertheless be the therapeutic manipu-
lation of resident microbial communities. It will therefore be
important to define the regulatory considerations that will
influence such developments.

Grouping patients together without paying adequate attention
to possible subphenotypes might lead to a failure to recognize or
approve effective treatments. Without this sort of deep phenotyp-
ing, it will be impossible to determine whether a potential therapy
is clinically ineffective or simply inappropriately targeted. Sec-
ond, the experimental models used to identify putative drug
targets must be sufficiently well characterized to determine
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whether they adequately effect the human disease. Thus both
patient selection criteria and choice of animal model will be
dependent on improving our classification of specific disease
phenotypes. This calls for unbiased, high-throughput transla-
tional research in which the right targets are analyzed in the most
appropriate model and potential treatments are explored in the
right patients.

Large cohort studies

Large prospective cohort studies are absolutely central to any
effort to understand the factors responsible for the initiation,
maintenance, and exacerbation of chronic inflammatory disease.
Such studies should, where possible, be initiated before birth to
take into account the effect of early life. In addition, they should
include collection of a wide range of relevant biological samples,
including biopsy material where ethically possible, characteri-
zation of the microbiome, and collection of epigenomic data.
The biological systems analyzed should be as extensive as
possible and take into account fields such as neuroscience and
psychosocial variables such as stress. Furthermore, sampling
must ensure the availability of data not only on genomic, clinical,
and environmental factors but also epigenomic, metabolic,
nutritional, microbial, and other key variables thought to influ-
ence the pathophysiology of chronic disease. The complexities
of this task might necessitate the preparation of explicit contracts
for use with patients who participate in these studies, including
permission to obtain tissue biopsy specimens and other biolog-
ical samples from children. Furthermore, it will be important to
make provisions for retrospective access to study participants to
take account of new insights obtained over the course of long-
term cohort studies. A key concern in such a large-scale
approach will be to ensure international collaboration and
coverage of populations with different lifestyles and environ-
mental exposures. Specific issues, such as the effect of vaginal
versus cesarean delivery, should also be addressed within
ongoing cohorts.

The need for deep phenotyping across the life course is
increasingly apparent, given the substantial gaps in our under-
standing of normal physiology and the phenotypes associated
with the transition to late-stage disease. In-depth characterization
of subsets of patients in the context of a larger, well-characterized
cohort is recognized to provide much greater opportunity for the
meaningful extrapolation of findings and is expected to strengthen
the evidence base for clinical research. The use of embedded
case-control studies is also predicted to generate key insights into
factors that might protect against disease. However, it will be
important to prevent the introduction of bias caused by reducing
the running time of the cohort or by restricting ongoing analysis to
specific populations to ensure the continued value of large
cohorts.

We recognize the importance of ensuring access to datasets
from large prospective cohorts. Researchers with expertise in
particular areas should be allowed to address questions in
clearly defined subpopulations while maintaining the integrity
of the larger cohort. Such considerations are complicated by
the potentially conflicting interests of the different stake-
holders who provide funding and support. Efforts will there-
fore be required to achieve consensus on access to data from
large cohorts that might receive both public and private
funding.
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Partnerships

The shifting global pattern of chronic disease indicates that
we currently have unrivalled opportunities to identify key
factors conferring both risk and protection. It will be essential
to collaborate with countries in which the incidence of these
diseases is increasing rapidly to take advantage of these
opportunities. This will require that future policy on research
into chronic inflammatory disease maintains a global focus and
the fostering of strong collaborations with developing countries.
Research projects should be established in regions with low or
developing risk of chronic inflammatory disease, particularly
those countries in which the incidence of disease is known to be
changing. Furthermore, the establishment of parallel birth
cohorts in low- and high-risk regions can be considered an
urgent priority.

In addition to global collaborations, cross-disciplinary part-
nerships will be essential for the future of research into chronic
inflammatory disease. Such partnerships should extend beyond
traditional disciplines, such as epidemiology, clinical research,
and microbiology, and should ensure that valuable insights can be
obtained from fields such as mathematics, virology, and ecology.
Furthermore, the common themes that are currently being iden-
tified in the pathophysiology of a range of different diseases
present a fantastic opportunity for cross-fertilization, given the
right conditions. The establishment of knowledge networks
should be made a priority as a driving force for interdisciplinary
research to exploit these opportunities.

Another key driving force for future research into chronic
disease will be the establishment of effective private-public
partnerships characterized by greater fluidity in the exchange of
information between academia and industry. Agreements should
be made on issues such as access to data and ownership of results
to achieve this. Such agreements should ensure the maintenance
and stability of long-term partnerships that recognize the needs of
all stakeholders. Furthermore, they will need to establish appro-
priate ethical frameworks for data sharing.

Research tools

Experimental models play a crucial role in establishing the
mechanistic basis of disease and as tools for the screening of
potential therapeutic and preventive strategies. However, it is
apparent that existing models might be inadequate to address
many of the questions now facing research into chronic inflam-
matory disease. The effectiveness of future research will therefore
be critically dependent on the development of improved models
for use in experimental and translational research. In addition to
animal models, human organ—based systems are urgently re-
quired as a potential stepping stone for the screening of candidate
interventions before human testing.

Consensus is urgently needed on how to obtain suitable models in
which to analyze the mechanisms of chronic inflammatory disease.
Current animal models based on single gene changes might be
inadequate to address the complexity of multigene effects. Simi-
larly, animal housing conditions optimized to reduce experimental
variability (ie, defined commensal flora, absence of pathogens, and
defined diet) present problems for research aimed at understanding
the environmentally modulated course of disease. Consequently,
new research strategies are required that take the diversity of the
microbiome into consideration in the choice of experimental
models and the potential reproducibility of the results.
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Gnotobiotic models will be key tools with which to improve
our understanding of the role of host-microbial interactions in
chronic inflammatory disease. However, their use is currently
limited by the availability of methods for the culture and
characterization of microbial populations. Consequently, efforts
must be made to increase the availability of cultivable isolates. In
addition, the paucity of microbiological tools restricts our ability
to understand the development and dynamics of microbial
ecosystems, such as those found in the gut or respiratory tract,
and more research is required to assess the factors that influence
microbial ecology in healthy and diseased hosts.

Our capacity to identify those external factors that trigger or
protect against disease is determined by the extent to which we
can accurately sample them. Currently, our ability to clearly
define and characterize the nutritional input to the organism and
how that input is processed and finally removed from the system is
extremely limited. Likewise, we only have a small number of
tools at our disposal with which to sample the environment as it
affects the human organism, thereby restricting substantially the
power of epidemiologic analyses. Future research will thus
require new tools with which to characterize environmental and
nutritional factors.

Data generation and management

The results obtained in experimental models of inflammatory
disease can vary from one group to another, with no clear
explanation for the difference. Potential contributing factors
include variation in the microbiota between animals reared in
different facilities and also nutritional and metabolic differences
resulting from variation in chow diets. All of these factors need to
be more carefully characterized and harmonized to ensure that
research is rigorously controlled and results are more easily
interpreted. Because similar considerations apply to other types
of study, a priority for future research will be the harmonization of
protocols.

Dealing with complex research questions is dependent on
incremental increases in knowledge. As a consequence, data
from long-term cohort studies must be continually reassessed in
the same population as new insights are gained into disease
mechanisms. It is therefore of critical importance that sample
collection, classification, and storage are managed in such a way
as to ensure that the next level of complexity can be addressed
when the time comes. This means harmonization of data
collection and transport and storage protocols and the develop-
ment of standardized systems for cataloguing and accessing
datasets. Importantly, substantial investment will be required in
developing the bioinformatics and systems biology approaches
required for the analysis of the datasets generated. Although this
is a general requirement in many areas of biomedical research,
the additional complexity introduced by the microbiome makes it
particularly urgent for research into chronic inflammatory
disease.

Infrastructure and personnel

The type of interdisciplinary research that will be required to
achieve meaningful insights into the causes, treatment, and
prevention of chronic inflammatory disease will necessitate the
development of specific infrastructure. First, research consortia
will need to be organized in such a way as to allow regular face-
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to-face interaction among researchers. In addition, the physical
infrastructure will need to ensure efficient access to core services,
such as gnotobiology facilities, next-generation sequencing, and
bioinformatics support. Building the electronic infrastructure to
allow integrated approaches involving open collaboration be-
tween researchers has the potential to bring about the step change
in thinking that might be crucial in driving future research.

Funding of interdisciplinary research consortia will need to
take into consideration the particular needs of this type of
research. First and foremost, efforts should be made to support
unbiased approaches. Funding decisions should be made by
expert panels in which no specific discipline is overrepresented to
achieve this goal.

Second, the conditions required for effective interdisciplinary
research are incompatible with a funding structure in which
support for this type of research is in direct competition with that
available for its component fields. This means that dedicated
funding should be provided for interdisciplinary research into
chronic inflammatory disease.

Finally, bringing together disciplines such as epidemiology and
mechanistic research in animal models inevitably requires sub-
stantial time investment to develop fruitful working relationships.
Such a requirement is incompatible with competitive short-term
funding cycles. A long-term approach toward funding of inter-
disciplinary research is therefore required.

Substantial investment must be made in the training and educa-
tion of young researchers to ensure effective cross-disciplinary
communication. A new generation of biological and medical
scientists will need to be ready to exploit rapid developments in
information technology and use insights not only from a range of
scientific disciplines but also fields as diverse as finance and
engineering. An effective way to achieve this will be to establish
international graduate schools that provide specific training in
interdisciplinary biomedical research. Furthermore, career struc-
tures should be established that ensure the long-term attractiveness
and stability of interdisciplinary research for young scientists.
Criteria for career success, such as a publication record based on
competitive authorship models, might need to be reconsidered.

CONSENSUS RECOMMENDATIONS

On the basis of these considerations, the delegates in Berlin
identified the following 10 key areas as having the highest priority
for research into chronic inflammatory disease:

1. Research should distinguish clearly between therapy and
prevention.

2. Large prospective cohort studies including deep phenotyp-
ing should be made a priority.

3. Strategies and tools should be developed to ensure ade-
quate sampling of the environment.

4. A global (international) approach should be taken to un-
derstanding chronic inflammatory disease.

5. Effective interdisciplinary research strategies must be
established.

6. New tools and experimental models must be developed.

7. Protocols for data collection, handling, and storage need to
be harmonized.

8. Substantial investment must be made in infrastructure, per-
sonnel, and development of research tools.

9. Dedicated funding must be provided for interdisciplinary
research.
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10. Effective public-private partnerships must be developed
to ensure free exchange of information.

Parts of this report have been previously published in Renz
et al®' (http://www.nature.com/ni/journal/v12/n4/index.html).
We hereby acknowledge the contributions made to this work by
the European Science Foundation (ESF)-European Medical Re-
search Councils (EMRC) science and administrative staff (Dr Ste-
phane Berghmans, Dr Lars Kristiansen, Dr Nathalie Spielewoy,
and Ms Nicole Stirnberg), by medical writer Dr Iain Patten, and
by consultants from the Fraunhofer ISI. We furthermore grate-
fully acknowledge the scientists and stakeholders who partici-
pated in the strategic workshops in Barcelona in October 2010
and in the consensus conference in Berlin in March 2011.
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