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Epithelia are tissues consisting of sheets
of similar cells bound closely together,

which include the epidermis, the surfaces
of the eyes, the surfaces of the hollow
tubes and sacs that make up the digestive,
respiratory, reproductive, and urinary
tracts, and the secretory cells and ducts of
various glands. Depending on their pre-
dominant function, epithelia can be de-
scribed further as barrier, secretory, or
absorptive, but often all three functions
coexist. These are the tissues most ex-
posed to environmental bacteria. The im-
portance of epithelia in host defense is
best illustrated by the common experience
that disruption of the epithelial layers,
such as occurs in a minor skin scrape or a
burn, greatly increases the likelihood of
penetrating infection. Mechanical barrier
properties of epithelia, the physical
cleansing effects of their secretions, and
the shedding of colonized cells normally
contribute to protection from microbes
(1). Moreover, injured or infected epithe-
lial cells help initiate the inflammatory
response by emitting chemotactic signals
that attract blood-borne host defense
cells. Although the ability of various
glands to produce antimicrobial sub-
stances has been ap-
preciated since Alex-
ander Fleming’s (2)
pioneering studies of
lysozyme in tears, re-
spiratory secretions,
and saliva, more re-
cently it has become
clear that barrier and
absorptive epithelia
also produce numerous antimicrobial sub-
stances (3–5). There are impressive simi-
larities between the polypeptide arsenal of
various epithelial cells and the prototypi-
cal professional host defense cells, the
polymorphonuclear leukocytes. In some
cases (e.g., lysozyme and lactoferrin), the
same genes are highly expressed in both
cell types; in other cases (e.g., defensins,
peroxidase), the two cell types express
different members of the same gene fam-
ily. These similarities reinforce the notion
that epithelial cells, like polymorphonu-
clear leukocytes, are important effectors
of innate immunity.

In this issue of PNAS, Canny et al. (6)
demonstrate that appropriately stimu-

lated human epithelial cell lines as well as
several specimens of human epithelial tis-
sues express on their cell membranes bac-
tericidal permeability-increasing protein
(BPI), heretofore known as an abundant
antimicrobial constituent of polymorpho-
nuclear leukocytes (7, 8). BPI is bacteri-
cidal to many Gram-negative bacteria, a
specificity that is determined by its avid
binding to lipopolysaccharide (9), the ma-
jor component of the external layer of the
outer membrane of these bacteria. Canny
et al. report that BPI inhibited the re-
sponses of epithelial cells to lipopolysac-
charide and contributed to the ability of
epithelial cells to kill Gram-negative bac-
teria. Expression of BPI in epithelia was
discovered during an unbiased search for
genes induced by treatment with ATLa, a
synthetic congener of the (anti)inflamma-
tory mediator lipoxin. The discovery
points out the utility of the new large-scale
screening methods for charting fresh di-
rections in biological investigation.

However, much remains to be done
before the new findings can be firmly
placed in a biological context. The specific
role of lipoxin signaling in epithelial re-
sponses to microbes is not yet understood

and will require
clarification. It will
also be necessary to
examine in more
detail what kind of
bacterial contact
with epithelia is re-
quired for killing by
membrane-associ-
ated BPI. In this re-

gard, it is interesting to note that even in
polymorphonuclear leukocytes most of
the antimicrobial activity is associated
with the membranes of storage granules
(10), which eventually contribute mem-
brane material to phagocytic vacuoles.
Close apposition of bacterial and host
membranes in both cell types could result
in the transfer of BPI and other antimi-
crobial polypeptides into bacterial mem-
branes whose affinity for cationic host
defense polypeptides is much higher than
that of host-derived membranes (11). The
biology and biophysics of membranes
loaded with highly concentrated antimi-
crobial polypeptides is a challenging area
for further study.

Innate host defenses use both static and
dynamic elements, with the latter having
the capacity to recognize microbes and
effect a response. Host defense responses
to lipopolysaccharide are prototypic ex-
amples of pattern recognition (12, 13) in
innate immunity. Unlike T cell antigen
receptors and Abs, the pattern-recogni-
tion pathways are present in both verte-
brates and invertebrates, are encoded by
germ-line genes, and are fully activated
within minutes to hours of first exposure.
In general, the molecular patterns that
trigger innate responses are found within
essential structural components of mi-
crobes. Inflammation is a collective term
for the tissue, cellular, and molecular
consequences of these responses. Lipo-
polysaccharide-induced inflammation is
often protective but also accounts for dis-
ease manifestations ranging from fever to
shock and rapid death from infections
with Gram-negative bacteria. Given the
well known force of host defense re-
sponses to lipopolysaccharide it is amaz-
ing that animals harbor enormous num-
bers of symbiotic Gram-negative bacteria
in their intestinal tracts without adverse
consequences! The essential role of the
intestinal epithelial barrier in confining
Gram-negative bacteria is illustrated by
injuries or diseases that disrupt this epi-
thelium, with consequences ranging from
localized inflammation and peritonitis to
systemic shock.

In this context, BPI may now be thought
of as both an effector and a regulator of
responses to lipopolysaccharide. To under-
stand the role of BPI it is important to note
that a related protein in blood plasma, li-
popolysaccharide-binding protein (LBP),
helps deliver lipopolysaccharide to specific
receptor complexes (CD14�TLR4) on mac-
rophages and other host defense cells (13–
15) to activate the inflammatory response
against Gram-negative bacteria. The latter
response is so exquisitely sensitive that even
picogram amounts of lipopolysaccharide
generate detectable cellular effects. BPI
competes with LBP (16, 17) for lipopolysac-
charide, thus blunting the cellular responses
to low concentrations of lipopolysaccharide.

See companion article on page 3902.
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In the scenario proposed by Canny et al. (6),
the expression of BPI on epithelial cells
contributes to killing bacteria that become
tightly adherent to epithelial cells, but at the
same time, BPI inhibits the signals that
would provoke a potentially injurious in-
flammatory response. This kind of yin-yang
mechanism makes sense in limiting the re-
sponse to a low-level infection in tissues
where such infections are very frequent. BPI
does not act alone as an antimicrobial ef-
fector and modulator of lipopolysaccharide-
induced inflammation. Barrier and absorp-
tive epithelial cells also produce constitutive
and inducible �-defensins (Fig. 1) and

cathelicidins, and secretory epithelial cells
generate a complex mixture whose antimi-
crobial components include lysozyme and
lactoferrin, lactoperoxidase, secretory leu-
koprotease inhibitor, phospholipase A2,
and defensins. There is evidence that most
of these cationic polypeptides also bind li-
popolysaccharides [albeit with lower affinity
than does BPI (18)] and may help blunt
lipopolysaccharide-induced inflammation.

The location of the pattern-recognition
receptors in epithelia may also be impor-
tant for the close regulation of their re-
sponses. The toll-like pattern recognition
receptors TLR2 (for peptidoglycan and

mycobacterial glycolipids), TLR4 (for li-
popolysaccharide), and TLR5 (for bacte-
rial f lagellin) are located on the basolat-
eral surfaces (19, 20) of epithelial cells or
on macrophages and other specialized
host defense cells generally found below
the epithelial surface. To activate such
receptors, it is not sufficient for the mi-
crobes to make contact with the apical
epithelium but they must penetrate the
epithelial barrier, a much less frequent
but more threatening occurrence. Along
similar lines, the production of lipoxin,
the mediator implicated in the induction
epithelial BPI, generally requires the
metabolic cooperation of two cell types,
typically leukocytes and platelets or leu-
kocytes and epithelial cells (21), which
will rarely be found together in an undis-
turbed epithelium. The probability of such
encounters is greatly increased when mi-
crobes penetrate the epithelium in an area
of injury. The location of the lipopolysac-
charide-recognition machinery inside the
epithelial barrier may avoid the triggering
of inflammatory responses by microbes
that are innocuous or symbiotic colonists.

Clearly, epithelia are more than a phys-
ical barrier. They are dynamic host de-
fense participants with sensors, signaling
circuits, and effector molecules that co-
ordinate and execute a graduated reac-
tion to microbes. We are now on the
verge of learning much more about the
molecules and pathways of these epithe-
lial responses.
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Fig. 1. A microscopic focus of infection is surrounded by epithelial cells that produce an antimicrobial
peptide. A biopsy of human epidermis was stained by the immunoperoxidase method with Ab to human
�-defensin-2 (HBD-2). Areas of HBD-2 accumulation are brown, and the tissue counterstain is blue. The
image is courtesy of Lide Liu (Univ. of California, Los Angeles).
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