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COMMENTARY

The future of mucosal immunology:
studying an integrated system-wide organ

Navkiran Gill, Marta Wlodarska & B Brett Finlay

Over the next 10 years, it will be important to shift the focus of mucosal immunology research to make further
advances. Examination of the mucosal immune system as a global organ, rather than as a group of individual
components, will identify and characterize relationships between mucosal sites.

he term ‘common mucosal immunological

system’ was coined by John Bienenstock
nearly 40 years ago. He suggested the con-
cept when the bronchus-associated lymphoid
tissues his group described were found to be
similar to those in the gastrointestinal tract.
Ironically, appreciation of the importance of
this term is only now truly beginning. Since
then, the mucosal immune system has received
a great deal of attention and is described as an
integrated network of tissues, cells and effector
molecules that protect the host from infection
and environmental insult at mucous membrane
surfaces. Mucosal surfaces are immunologically
unique, as they act as the primary interface
between the host and the physical environ-
ment yet also have key barrier functions. It
has become increasingly evident that mucosal
surfaces are also the main sites of interaction
between the host and its associated commen-
sal microbial community. In the past 40 years,
the field of mucosal immunology research has
exploded and understanding of this key com-
ponent of the immune system has flourished.
Many important findings have come from this
research and have aided in the understanding
of immune deficiencies and associated diseases
and facilitated the design of effective vaccines.
The next decade will be important in determin-
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Figure 1 The mucosal immunological system. (a) Recent advances suggest that mucosal sites function
together as a system-wide organ. Various mucosal sites throughout the body act as an interface between
the physical environment (food, airborne, viral and commensal antigens) and host mucosal defenses.
(b) The intestinal mucosal interface, a complex system that must integrate interactions among the
microbiota, mucus layer, associated protective compounds, epithelial cells and underlying immune
cells of the lamina propria. Notably, it has become clear that both the state of the microbial community

and underlying immune cells contribute to the health or disease of the host. T, T cell; T,

cgr regulatory T

cell; MHC, major histocompatibility complex; B, B cell; DC, dendritic cell; IEC, intestinal epithelial cell;

AMP, antimicrobial peptide.

ing how the knowledge gained is synthesized
and which directions future studies take.

A global organ

Much of the research undertaken in the past
several decades on the mucosal immune system
has focused on specific individual components
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of the system. For example, the mechanisms
responsible for initiating immune responses
to invading pathogens in the gastrointestinal
system have been characterized. Similarly, the
means by which the respiratory tract deals with
bacterial and viral infections have also been
established. However, the mucosal immune
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system has yet to be examined from a holistic
viewpoint as a global organ (Fig. 1). Although
much knowledge has been derived from study
of the individual components of the mucosal
immune system, future research should exam-
ine how the different components affect each
other and how crosstalk is achieved between
individual components and, more importantly,
between various mucosal sites. As many fea-
tures are shared by distal mucosal compart-
ments, it is likely that these aspects may have
compelling roles in mucosal immunity, and
there could be unappreciated levels of com-
munication between mucosal compartments.

There is ample evidence suggesting that
the mucosal immune system is a system-wide
organ. Studies have demonstrated that stimu-
lation in one compartment of the mucosal
immune system can lead to changes in distal
areas. For example, intranasal immunization
results in vaginal protection against genital
infection with herpes simplex virus type 2 (ref.
1). Clinical studies of patients infected with
human immunodeficiency virus have shown
that high concentrations of human immunode-
ficiency virus—specific immunoglobulin A are
found in various mucosal secretions, includ-
ing the vaginal secretions, nasal washes, saliva
and endocervical secretions?. Furthermore,
the use of antibiotics in neonates has been
associated with a greater risk of developing
asthma®, which suggests that alterations in
the microflora of the gut can have an effect on
the lungs and highlights the potential for an
undetermined link between mucosal immune
compartments. Collectively, such studies sug-
gest that the mucosal immune system is actu-
ally one large interconnected network and that
the individual components are very efficient at
sharing information distally.

Understanding the communication between
mucosal sites is fundamental to the next phase
of disease characterization and vaccine devel-
opment. Appreciation of the mucosal immune
system as a global organ will involve determin-
ing what factors link one area of the mucosal
immune system to another and the intricacies
of this communication. This aspect needs to be
addressed sooner rather than later.

The immune system and the microbiota

It is known that mammals contain millions of
commensal bacteria, called the ‘microbiota; but
only recently has the importance and complex-
ity of the microbiota been recognized, with a
growing appreciation for its importance in
mammalian health and disease. The microbiota
form an organ system, one that is essential for
nutrient acquisition, metabolism of indigest-
ible compounds, defense against colonization
by pathogens and development of intestinal
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Figure 2 Reexamining the hygiene hypothesis. Investigations that take into consideration the cyclic
relationship between the mucosal immune system and the microbial community make it possible to
identify previously unknown mechanisms of disease onset. Changes in the microbiota could result in
differences to downstream immune responses or, alternatively, immune development. Both of these
aspects can affect immune mechanisms in distal mucosal sites, such as the lung, and result in asthma.
Alternatively, deficiencies in the immune system can affect the microbiota composition, which can then
again have an effect on distal mucosal sites and have a role in the development of atopic conditions.

architecture and the immune system®>. Despite
increasing knowledge in this field, important
questions still remain unanswered: Given the
diversity of the microbiota and the signals
they can produce, what methods are used to
interact with the host? Furthermore, how are
these interactions monitored and controlled?
Studies using knockout mice defective in
mucus production, germ-free mice, and pro-
biotics suggest that the mucus layer is a major
mediator of interactions between epithelial
cells and microbes and that its function is
affected largely by the microbiota. The mucus
layer in the large intestine consists of two strati-
fied layers, composed mainly of the secreted
mucin Muc2, which is heavily 0-glycosylated
with complex oligosaccharides6, a character-
istic that is crucial to its structure and func-
tion”. The inner layer has a dense composition
and is devoid of commensal bacteria, whereas
the outer layer is built as a loose matrix hous-
ing commensal bacteria®. Future studies will
be crucial for further characterization of the
mucus layer and its function in binding to
and sequestering growth factors, differentia-
tion factors and mediators of inflammation’
(Fig. 1b). Stimuli that result in the production
of these protective compounds secreted by epi-
thelial cells, including cytokines, trefoil factors
and antimicrobial peptides, are poorly under-
stood but probably involve the microbiota
(Fig. 1b). Furthermore, insults that result
in a breach of the mucus layer may facilitate
the release of these compounds; this possibly
functions to both alert the host and control
penetration of the microbiota to underlying
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tissues. The interaction of the microbiota with
the mucus layer and the role of the micro-
biota in modulating the production of both
the mucus layer and the biologically active
molecules sequestered therein are intriguing
concepts that require future clarification. The
mucus layer is truly at the interface between
the microbiota and host, which emphasizes its
importance.

As there is a new appreciation of the impor-
tance of the microbiota, knowledge of the
mucosal immune system and immune devel-
opment must be reexamined. There has already
been a great deal of research on the importance
of the microbiota in immune development in
the germ-free mouse model. These mice lack
commensal microbes and have poorly devel-
oped mesenteric lymph nodes, Peyer’s patches,
cryptopatches and isolated lymphoid follicles,
the four main structures that make up the gut-
associated lymphoid tissue®. Studies have shown
that colonization with a single bacterial species
is able to reverse those defects®. Furthermore,
various groups have demonstrated a role for
the microbiota in intestinal epithelial homeo-
stasis, angiogenesis and the development of
the innate and adaptive immune systems of
the gut®~!2. Such findings suggest that the
microbiota is influential in the management of
immune development at mucosal sites. Future
research will need to identify the members of
the microbiota that affect the development of
the immune system.

From the findings described above, the
importance of the microbiota in immune
development is evident, which suggests that
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the methods by which experiments are exe-
cuted may require reassessment. The com-
mensal communities present at mucosal sites
and how these communities may be affecting
the immune response generated must now be
taken into consideration. Research suggests
that the immune system can also have a role
in the generation and maintenance of stable
microbial communities!!4, Thus, removal of
host factors, such as in knockout mice, may
result in alterations to the microbiota that can
affect the response to other immune stimuli.
Moreover, the microbiota of mice with identi-
cal genetic backgrounds can differ depending
on the commercial supplier, and this may lead
to downstream effects on immune responsive-
ness. The knowledge that much of the research
in the past ignored the effect and role of the
microbiota is truly daunting and frightening.
Researchers must be cognizant of the vari-
ability inherent in research animal models, as
changes in the microbiota affect the immune
response and vice versa. This will at least begin
to ensure that conclusions being presented
are not skewed by simple differences in the
microbiota.

Effect of recent findings

The next decade of mucosal immunology
research should not only focus on examining
the new concepts outlined above but also revisit
established models, taking into consideration
recent advances. For example, concepts such as
the hygiene hypothesis and even tolerance may
benefit from greater scrutiny.

The hygiene hypothesis has historically
suggested that the development of allergies is
dependent on exposure to antigens, although
the exact mechanisms are not completely
understood. However, reexamination of this
hypothesis while taking into consideration
the mucosal immune system as a global envi-
ronment should determine what role sites such
as the gut have in, for example, the develop-
ment of asthma in the lungs. Furthermore,
with the emergence of microbiota studies, the
hygiene hypothesis can now be reassessed to
understand whether certain components of the

microbial community are more likely to cause
or protect from asthma and allergies. Finally,
assessing the importance of the microbiota in
the immune response may afford an explana-
tion of why changes in the gut microbiota can
lead to the development of asthma and other
allergic responses. It is possible that changes to
the microbiota resulting from antibiotic treat-
ments could result in changes to the immune
response generated to allergens. However,
changes in the microbiota composition may
cause changes in the development of immune
system components, and these deficiencies
could result in the onset of atopic diseases,
including allergies and asthma (Fig. 2).

Tolerance is an immune mechanism that
could also benefit from reexamination, espe-
cially as the incidence of food allergies has
increased greatly in the past two decades.
“Tolerance’ refers to the process by which the
immune system does not react to an antigen.
Although the roles of antigen-presenting cells,
in particular dendritic cells and regulatory T
cells, have been described as being essential to
the development of tolerance, questions still
remain about the mechanisms involved. The
greater prevalence of allergies could be due to
changes in lifestyles (diet, sanitation and stress)
that could be altering commensal microbe pop-
ulations and hence immune responses. In fact,
studies have shown that germ-free mice, which
lack all commensal microbes, have a deficiency
in regulatory T cells, which are important in
the development of oral tolerance!®.

Conclusion

Together, the examples presented above illus-
trate the need to take into consideration the
different components of the mucosal immune
system in the process of understanding how
this remarkable system functions. Treating the
mucosal immune system as a global organ that
affects immune development and has an inti-
mate relationship with the microbiota and the
environment may shed light on present models
and at the same time broaden understanding
of how the mucosal immune system operates.
Furthermore, the concept of using the relation-
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ship with commensal flora as an advantage
by designing therapies that exploit microbial
counterparts is one that is slowly coming to the
forefront. Many years have been spent ignor-
ing the term ‘common mucosal immunologi-
cal system; and the idea that crosstalk between
mucosal compartments is critical for mucosal
immune functions is now finally beginning
to be appreciated. Mucosal immunology has
come a long way in the past 40 years, but there
are many exciting avenues left to explore for the
next decade and more.
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