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Abstract: An intricate network of innate and immune
cells and their derived mediators function in unison to
protect us from toxic elements and infectious microbial
diseases that are encountered in our environment. This
vast network operates efficiently by use of a single cell
epithelium in, for example, the gastrointestinal (GI) and
upper respiratory (UR) tracts, fortified by adjoining cells
and lymphoid tissues that protect its integrity. Perturba-
tions certainly occur, sometimes resulting in inflammatory
diseases or infections that can be debilitating and life
threatening. For example, allergies in the eyes, skin, nose,
and the UR or digestive tracts are common. Likewise,
genetic background and environmental microbial en-
counters can lead to inflammatory bowel diseases (IBDs).
This mucosal immune system (MIS) in both health and
disease is currently under intense investigation worldwide
by scientists with diverse expertise and interests. Despite
this activity, there are numerous questions remaining that
will require detailed answers in order to use the MIS to our
advantage. In this issue of PLOS Biology, a research article
describes a multi-scale in vivo systems approach to
determine precisely how the gut epithelium responds to
an inflammatory cytokine, tumor necrosis factor-alpha
(TNF-a), given by the intravenous route. This article
reveals a previously unknown pathway in which several
cell types and their secreted mediators work in unison to
prevent epithelial cell death in the mouse small intestine.
The results of this interesting study illustrate how in vivo
systems biology approaches can be used to unravel the
complex mechanisms used to protect the host from its
environment.

Higher mammals have evolved a unique mucosal immune

system (MIS) in order to protect the vast surfaces bathed by

external secretions (which may exceed 300 m2 in humans) that are

exposed to a rather harsh environment. The first view of the MIS

is a single-layer epithelium covered by mucus and antimicrobial

products and fortified by both innate and adaptive components of

host defense (Figure 1). To this, we can add a natural microbiota

that lives in different niches, i.e., the distal small intestine and

colon, the skin, the nasal and oral cavities, and the female

reproductive tract. The largest microbial population can reach

,1012 bacteria/cm3 and occurs in the human large intestine [1–

3]. This large intestinal microbiota includes over 1,000 bacterial

species and the individual composition varies from person-to-

person. Other epithelial sites harbor a separate type of microbiota,

including the mouth, nose, skin, and other wet mucosal surfaces,

that contributes to the host; in turn, the host benefits its microbial

co-inhabitants. Gut bacteria grow by digesting complex carbohy-

drates, proteins, vitamins, and other components for absorption by

the host, which in return rewards the microbiota by developing a

natural immunity and tolerance (reviewed in [4–7]). Finally, the

host microbiota influences the development and maturation of

cells within lymphoid tissues of the MIS [8,9].

Mucosal epithelial cells (ECs) are of central importance in host

defense by providing both a physical barrier and innate immunity.

For example, goblet cells secrete mucus, which forms a dense,

protective covering for the entire epithelium (Figure 1). Peristalsis

initiated by the brush border of gastrointestinal (GI) tract ECs

allows food contents to be continuously digested and absorbed as it

passes through the gut. In the upper respiratory (UR) tract, ciliated

ECs capture inhaled, potentially toxic particles, and their beating

moves them upward to expel them, thereby protecting the lungs.

Damaged, infected, or apoptotic ECs in the GI tract move to the

tips of villi and are excreted; newly formed ECs arise in the crypt

region and continuously migrate upward. Paneth cells in crypt

regions of the GI tract produce anti-microbial peptides (AMPs), or

a-defensins, while ECs produce b-defensins [10,11] for host

protection (Figure 1). A major resident cell component of the

mucosal epithelium are intraepithelial lymphocytes (IELs). The

IELs consist of various T cell subsets that interact with ECs in

order to maintain normal homeostasis [12]. Regulation is bi-

directional, since ECs can also influence IEL T cell development

and function [12–14].

The MIS, simply speaking, can be separated into inductive and

effector sites based upon their anatomical and functional

properties. The migration of immune cells from mucosal inductive

to effector tissues via the lymphatic system is the cellular basis for

the immune response in the GI, the UR, and female reproductive

tracts (Figure 2). Mucosal inductive sites include the gut-associated

lymphoid tissues (GALT) and nasopharyngeal-associated lym-

phoid tissues (NALT), as well as less well characterized lymphoid

sites (Box 1). Collectively, these comprise a mucosa-associated

lymphoid tissue (MALT) network for the provision of a continuous

source of memory B and T cells that then move to mucosal
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effector sites [13,14]. The MALT contains T cell regions, B cell–

enriched areas harboring a high frequency of surface IgA-positive

(sIgA+) B cells, and a subepithelial area with antigen-presenting

cells (APCs), including dendritic cells (DCs) for the initiation of

specific immune responses (Figure 2). The MALT is covered by a

subset of differentiated microfold (M) cells, ECs, but not goblet

cells, and underlying lymphoid cells that play central roles in the

initiation of mucosal immune responses. M cells take up antigens

(Ags) from the lumen of the intestinal and nasal mucosa and

transport them to the underlying DCs (Figure 2). The DCs carry

Ags into the inductive sites of the Peyer’s patch or via draining

lymphatics into the mesenteric lymph nodes (MLNs) for initiation

of mucosal T and B cell responses (Figure 2). Retinoic acid (RA)

producing DCs enhance the expression of mucosal homing

receptors (a4b7 and CCR9) on activated T cells for subsequent

migration through the lymphatics, the bloodstream, and into the

GI tract lamina propria [15,16]. Regulation within the MIS is

critical; several T cell subsets including Th1, Th2, Th17, and

Tregs serve this purpose [13,14,17] (Figure 2).

Mucosal effector sites, including the lamina propria regions of

the GI, the UR and female reproductive tracts as well as secretory

glandular tissues (i.e., mammary, lacrimal, salivary, etc.) contain

Ag-specific mucosal effector cells such as IgA-producing plasma

cells, and memory B and T cells [18]. Adaptive mucosal immune

responses result from CD4+ T cell help (provided by both CD4+

Th2 or CD4+ Th1 cells), which supports the development of IgA-

producing plasma cells (Figure 2). Again, the ECs become a

central player in the MIS by producing the polymeric Ig receptor

(pIgR) (which binds both polymeric IgA and IgM) [19]. Lamina

propria pIgA binds the pIgR on the basal surface of ECs, the

bound pIgA is internalized, and then transported apically across

the ECs (Figure 2). Release of pIgA bound to a portion of pIgR

gives rise to secretory IgA (S-IgA) antibodies (Abs) with specificities

for various Ags encountered in mucosal inductive sites [13,14,19].

In addition, commensal bacteria are ingested by epithelial DCs,

which subsequently migrate to MLNs for induction of T cell–

independent, IgA B cell responses [20]. In summary, two broad

types of S-IgA Abs reach our external secretions by transport

across ECs and protect the epithelial surfaces from environmental

insults, including infectious diseases.

It should be emphasized that several unique vaccine strategies

are being developed to induce protective mucosal immunity. In

this regard, delivery of mucosal vaccines by oral, nasal, or other

mucosal routes requires specific adjuvants or delivery systems to

Figure 1. The gut, nasal, upper respiratory and salivary, mammary, lacrimal, and other glands consist of a single layered
epithelium. Projections of villi in the GI tract consist mainly of columnar epithelial cells (ECs), with other types including goblet and Paneth cells.
Goblet cells exhibit several functions including secretion of mucins, which form a thick mucus covering. Paneth cells secrete chemokines, cytokines,
and anti-microbial peptides (AMPs) termed a-defensins.
doi:10.1371/journal.pbio.1001397.g001
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initiate an immune response in MALT [21,22]. However, a major

benefit of mucosal vaccine delivery is the simultaneous induction

of systemic immunity, including CD4+ Th1 and Th2, CD8+

cytotoxic T lymphocytes (CTLs), and Ab responses in the

bloodstream, which are predominantly of the IgG isotype [21].

This, of course, provides a double layer of immunity in order to

protect the host from microbial pathogens encountered by

mucosal routes. This is especially promising for development of

vaccines for developing countries, as well as those to protect our

aging population [23,24].

In this issue of PLOS Biology, Lau et al. used a multi-scale in vivo

systems approach to assess how cells of the intestinal MIS

communicate with intestinal ECs in response to an inflammatory

signal [25]. The present study centered on the use of the

proinflammatory cytokine tumor necrosis factor-alpha (TNF-a)

given intravenously (i.v.) to assess its effects on the gut epithelium

in the presence (wild-type [WT] mice) or absence (Rag1 knockout

mice) of adaptive T and B lymphocytes. It is well known that TNF-

a regulates many EC effects, including programmed cell death

Figure 2. The mucosal immune system (MIS) is interconnected, enabling it to protect vast surface areas. This is accomplished by
inductive sites of organized lymphoid tissues, e.g., in the gut the Peyer’s patches (PPs) and mesenteric lymph nodes (MLNs) comprise the GALT.
Lumenal Ags can be easily sampled via M cells or by epithelial DCs since this surface is not covered by mucus due to an absence of goblet cells.
Engested Ags in DCs trigger specific T and B cell responses in Peyer’s patches and MLNs. Homing of lymphocytes expressing specific receptors helps
guide their eventual entry into major effector tissues, e.g., the lamina propria of the gut, the upper respiratory (UR) tract, the female reproductive
tract, or acinar regions of exocrine glands. Terminal differentiation of plasma cells producing polymeric (mainly dimeric) IgA is then transported
across ECs via the pIgR for subsequent release as S-IgA Abs.
doi:10.1371/journal.pbio.1001397.g002

Box 1. Major Inductive Sites for Mucosal
Immune Responses

A. GALT (gut-associated lymphoid tissues)

N Peyer’s patches (PPs)

N Mesenteric lymph nodes (MLNs)

N Isolated lymphoid follicles (ILFs)

B. NALT (nasopharyngeal-associated lymphoid tissues)

N Tonsils/adenoids

N Inducible bronchus-associated lymphoid tissue (iBALT)

N Cervical lymph nodes (CLNs)

N Hilar lymph nodes (HLNs)
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(apoptosis), survival, proliferation, cell cycle arrest, and terminal

differentiation [26]. The authors had previously shown that TNF-

a given i.v. to WT mice resulted in two different response patterns

in the small intestine [27]. In the duodenum, which adjoins the

stomach, TNF-a enhanced EC apoptosis, while in the ileum, the

part next to the colon, an enhancement of EC division was seen

[27]. In the present study, i.v. injection of TNF-a induced

apoptosis in the duodenum (but not ileum) of WT, with

heightened cell death in Rag1 mice [25]. Loss of either T or B

lymphocytes also led to increased EC apoptosis, suggesting that

both cell types are required to protect the epithelium from cell

death. Also intriguing was the finding that eliminating the gut

microbiota by antibiotic treatment did not affect the degree of EC

apoptosis seen. Mathematical modeling allowed the group to show

that TNF-a-induced apoptosis involved several steps in mice

lacking functional T and B cells. Analysis of potential cytokines

involved revealed that only a single chemokine, monocyte

chemotactic protein-1 (MCP-1, C-C motif ligand 2 [CCL2]),

protected ECs from apoptosis [25]. This new finding complements

recent studies showing that IL-22, which is produced by several

immune cells in the gut, plays a major role in protecting ECs from

inflammation, infection, and tissue damage (Figure 3) [28].

Several unexpected discoveries followed. First, both goblet and

Paneth cells were the major sources of MCP-1, and not the

lymphoid cell populations that normally produce this chemokine

(Figure 3). Second, the MCP-1 produced did not directly protect

ECs, but instead acted via downregulation of plasmacytoid DCs

(pDCs), a lymphocyte-like DC that produces various cytokines

[29]. Finally, the study established that loss of adaptive (immune)

lymphocytes resulted in decreased MCP-1 production, leading to

increased pDC numbers and enhanced EC apoptosis. In the final

experiment, the authors again showed that pDCs in the

duodenum of Rag-1 mice produced increased levels of interfer-

on-gamma that directly induced EC apoptosis. The message given

by this intricate study is that systems biology approaches are quite

useful in unraveling the complexities posed by the MIS in both

health and disease.

The model developed by Lau et al. [25] could be useful to study

several major problem areas. For example, a paucity of murine

models exist to study food or milk allergies that usually affect the

Figure 3. The gut epithelium exhibits several pathways that protect the integrity of this organ. Intestinal epithelial cells (ECs) produce
stem cell factor (SCF), which induces proliferation and resistance to bacterial invasion. In addition, neighboring cd intraepithelial lymphocytes (IELs)
produce keratinocyte growth factor (KGF), which also stabilizes ECs. IL-22 produced by Th17, Th22, and cd T cells as well as natural killer (NK) and
lymphoid tissue inducer (LTi) cells plays a key role in both early and late phases of innate immunity in order to maintain the EC barrier. In addition,
monocyte chemotactic protein (MCP-1) produced by Paneth cells and goblet cells down-regulates migration of plasmacytoid DCs (pDCs) into the
intestinal lamina propria in order to decrease TNF-a-induced EC apoptosis.
doi:10.1371/journal.pbio.1001397.g003
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duodenum of the small intestine [30]. It is known that chemokine

receptors control trafficking of Th2-type cells to the small intestine

for IgE-dependent allergic diarrhea [31,32]. The multi-scale

systems approach could be used to assess much earlier responses

to food or milk allergies in TNF-a-treated mice. A second avenue

could well include the cell and molecular interactions that lead to

intestinal EC damage resulting in IBD [33]. Clearly, progress is

being made to study genetic aspects, regulatory T cells, and the

contributions of the host microbiota to IBD development [17,34].

Nevertheless, current mouse models have their ‘‘readout’’ as

weight loss and chronic inflammation of the colon [17,33,34]. The

Lau et al. approach could reveal cell-to-cell linkages that

ultimately resulted in EC damage [25]. Further, this approach

could reveal the earliest stages of pathogenesis of IBD before the

influx of inflammatory cells causes the macroscopic changes

characteristic of these diseases. Since the duodenum is normally

sterile, one could have predicted their finding that antibiotic

treatment to remove the gut microbiota would indeed be without

effect. However, one wonders what effects would be seen in the

stomach or in the colon, both of which can harbor a natural

microbiota. Does TNF-a and antibiotic treatment alter the EC

program in these mucosal tissue sites?

Finally, the intriguing question arising from the Lau et al. study

[25] involves the finding that a full-blown adaptive immune system

was required to maintain homeostasis and thus reduce EC

apoptosis in the GI tract. Note that the response to in vivo

TNF-a was assessed after only 4 hours, well before T and B cell

responses could be manifested. How are early T and B cell signals

transmitted to ECs? What are the mediators involved between the

innate and adaptive components in the MIS for communication

with the epithelium? As always, insightful studies raise many more

questions than are answered. Nevertheless, the multi-scale in vivo

systems analysis identified effects on the epithelium in a manner

not appreciated up to now. The advantages of using an in vivo

perturbation system is far superior to cell culture studies where

only a few cell types are present.
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