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The innate immune system not only is primarily

responsible for the prevention of infection of the skin

by pathogens, but also is important in the control of

inflammation. The components of innate immunity are

frequently misunderstood based on a historical bias for

leukocyte-mediated immune defense. Many participat-

ing cell types are often overlooked, particularly epithe-

lial cells that provide an early and crucial step to innate

immune defense. This review will discuss our epithelial

barrier to infection with an emphasis on how microbes

subvert this system, and human diseases associated

with these events.

Introduction

The continuing emergence of antibiotic resistance in human

pathogenic microorganisms, and the widespread morbidity

and mortality associated with infectious disease, highlight

the importance of understanding the barriers to microbial

invasion. Our planet is estimated to have in excess of 1 � 108

different microbial species that inhabit every conceivable

environmental nitch [1]. Despite this extreme diversity, no

more than 1200 microbial species have ever been described as

contributing to infections in humans. This low rate of viru-

lence from a large and diverse microbiome demonstrates the

near perfection of our immune barrier.

Innate immunity is often defined as a rapid, first line

defense system providing protection against infection. This

system functions without prior exposure to the microbe.
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However, innate defense is often misinterpreted as a process

that exists independently of the ‘adaptive’ immune protec-

tion system; a process is dependent on antigen presentation

and clonal leukocyte amplification. These systems are not

distinct. Abundant evidence supports a close interplay

between the early microbial defense process and the second-

ary response that occurs as an adaptation to microbial expo-

sures. Each process influences the other. A modern definition

of innate immunity recognizes its role as a director of adap-

tive immune responses and its responsiveness to an environ-

ment that is subsequently changed by the development of

adaptive immunity. Therefore, the innate immune response

should be thought of as consisting of five elements that

include both physical and chemical constitutive protection

and the response process once the basic barrier is breached

(Table 1).

It is implicit that the innate immune system must begin

with epithelia because these cell layers are positioned at the

interface between the host and external environment. Under-

standing innate immune defense from this perspective offers

the opportunity to rethink strategies for improving microbial

defense and anti-infective therapy.

Microbial recognition and response

Our understanding of the molecular elements of microbial

recognition and responses has advanced rapidly. There is

currently direct evidence for a wide variety of extracellular,

cell membrane, endosomal and cytoplasmic molecules
e1

ction and associated disorders, Drug Discov Today: Dis Mech (2008),
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Table 1. The five elements of innate immune defense

(1) Physical barrier to microbial entry and physical danger

(2) Constitutive chemical shield to inhibit microbial growth and invasion

(3) Recognition system to identify the entry of foreign microbes

(4) Inducible antimicrobial response triggered by the recognition system

(5) Cellular recruitment process to amplify and enhance defense
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whose responsibility lies in the recognition of molecules

produced by microbes. This group of molecules is sometimes

referred to as pathogen-associated molecular patterns or

PAMPs. This term is somewhat of a misnomer as host recog-

nition elements responsible for the detection of PAMPs can

also detect molecules produced by nonpathogenic microor-

ganisms or released by the host itself [2]. Nevertheless, the

concept of PAMPs has been essential in furthering our under-

standing of innate immune defense systems. The traditional

understanding of microbial recognition is that binding of a

PAMP to a cognate pattern recognition receptor (PRR) starts a

downstream signaling cascade leading to the activation of an

antimicrobial response network involving inflammatory

cytokines, interferons and direct antimicrobial elements

[3,4]. More recent progress in understanding these signaling

networks has shown that cell-specific expression of distinct

groups of recognition elements dictates the pattern of

response. Furthermore, the interaction or ‘crosstalk’ of these

recognition systems can lead to suppression of inflammation

instead of activation [5]. Currently, this field is of great

therapeutic interest as pharmacologic manipulation of the

microbial recognition system offers an opportunity to either

augment or suppress the immune defense.

Unexpected associations have emerged between systems

that can control microbial recognition. For example, several

recent studies have demonstrated that vitamin D influences

the expression and function of microbial recognition ele-

ments such as Toll-like receptor-2 (TLR2) [6,7]. Furthermore,

the innate antimicrobial recognition system provides an

excellent example of the interplay between primary innate

antimicrobial responses and adaptive responses depending

on antigen presentation. For example, the capacity of anti-

gen-presenting cells to function and instruct T-cell develop-

ment is strongly influenced by the TLRs [8]. A full discussion

of the many diverse functions of PRRs is beyond the scope of

this brief review. However, it is important to acknowledge

that the innate recognition system for microbes or injury is

the initial signal for triggering a broader antimicrobial

response and instructs host regulatory pathways for either

increasing or decreasing inflammation. This microbial recog-

nition system acts both on a constitutive level and when

there has been a failure in physical and chemical defense

systems. In the latter case, the innate antimicrobial response

system is activated.
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Antimicrobial peptides (AMPs)

There are several mechanisms for direct antimicrobial

response that include production of reactive oxygen species,

change in pH, production of lipids and the release of a wide

range of antimicrobial proteins. Peptides with the capacity to

directly kill or inhibit the growth of microbes are collectively

known as AMPs [9]. Because the AMPs represent an ideal

example of how an innate barrier system incorporates both

direct antimicrobial actions and indirect effects to modify the

physical barrier and control the inflammatory response, the

remainder of this review will focus on these molecules.

AMPs are a primary system for the protection against

infection, exhibit a broad-spectrum activity against bacteria,

fungi and viruses, and are evolutionarily ancient. In fact, it is

thought that all life forms produce AMPs, such that even

simple single cell organisms can gain a protective advantage

in their environment. In human tissues such as skin or gut,

the expression of AMPs can occur as part of the constitutive

innate immune barrier, or can be increased when triggered by

PRRs in response to injury or infection [10,11]. AMP gene

families in humans include the defensins and cathelicidins,

first discovered in neutrophils and epithelia for their anti-

microbial properties [12], and many other peptides and pro-

teins originally known for activity as chemokines, enzymes,

enzyme inhibitors and neuropeptides. Thus, the broad defi-

nition of an AMP encompasses a large and diverse group of

proteins.

Although the sequences of AMPs are variable, these pep-

tides are often cationic and 20–60 amino acids in length.

Although significant structural variation exists between

classes, AMPs typically assemble into final structures that

are amphipathic and thus have hydrophobic and hydrophi-

lic surfaces. This property enables them to interact in both

the aqueous environment and within lipid-rich target mem-

branes. The molecular mechanisms responsible for microbial

killing depend upon the charge and membrane-binding

characteristics of the individual peptides, and a variety of

models have been proposed to explain how specific AMPs

disrupt membranes [13]. Depending on the AMP class, the

peptide may assemble to form a true pore, penetrate and

disrupt the membrane, or integrate and disorganize the

membrane. In all cases, the toxicity of the peptide depends

on both AMP and the specific composition of the target

membrane. In this way, an AMP can demonstrate selectivity,

disrupting target cells without necessarily harming the cell

that produced it.

More recent studies of AMPs such as cathelicidins and b-

defensins have shown that they not only kill microbes but

also crucially influence host cell functions. Therefore, the

term AMP is somewhat incomplete, and many of the peptides

in this group might be better called ‘alarmins’ to recognize

their capacity to alert host cells to the potential for infection

or the presence of injury [14]. Several alternative models have
ction and associated disorders, Drug Discov Today: Dis Mech (2008),
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Figure 1. Molecular models for cell activation by antimicrobial peptides. (a) Direct receptor activation model predicts the host defense peptide interacts

with the receptor and induces a change in conformation and subsequent downstream signaling. (b) The trans-activation response reflects an indirect

activation of the signaling receptor. This can occur by the release of a membrane-bound growth factor that subsequently binds to its specific receptor and

activates it. (c) Antimicrobial peptides integrate within plasma membranes. In this model the presence of the peptide in the membrane surrounding the

receptor leads to a change in the activity of this receptor. This can be an activation or inactivation event. (d) Antimicrobial peptides can bind DNA. This

model suggests the association of the antimicrobial peptide LL-37 with host DNA results in a complex that can activate TLR9 to stimulate interferon release.

All models may coexist and reflect specific cell type responses. Cell activation by antimicrobial peptides normally leads to increased protection against

infection and wound repair. However, in situations of abnormal expression these events can lead to inflammatory disease.
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responses (Fig. 1). For example, human cathelicidin peptide

LL-37 has been implicated as both a selective activator of the

cell-surface receptor FPRL1 [15], and as an indirect modifier of

the EGR receptor [16] and of TLR-4 [17]. These interactions,

combined with the direct antimicrobial action of an AMP,

make LL-37 a powerful early regulator of the microbial

response within the epithelium.

Evolution of microbial immunity to AMPs

For any bacterial species whose ecology includes colonization

of humans, evolutionary selective pressure is exerted through

perpetual exposure to our AMPs. The relative sensitivity or

resistance of a given bacterial species to AMPs and other front

line effectors of innate immunity essentially dictates its viru-

lence potential, because the spectrum of human infectious

disease can be viewed as those disorders arising from failures

of innate immunity. Although transient or fixed host

immune susceptibility states (e.g. AIDS, chemotherapy, sur-

gical wounds) contribute greatly to this dynamic, it is clear

that enhanced resistance to AMP killing is a hallmark feature

of several invasive human pathogens. For example, Salmo-

nella spp. are characteristically resistant to cationic AMPs
Please cite this article in press as: R.L. Gallo, and V. NizetInnate barriers against infe

doi:10.1016/j.ddmec.2008.04.009
such as defensins and cathelicidins, and in turn frequently

associated with systemic dissemination; conversely, strains of

the closely genetically related Escherichia coli are generally

sensitive to AMPs and are more probably associated with

mucosal infections and toxin-mediated disease effects [18].

The importance of AMPs in mammalian innate defense to

bacterial infection has been clearly established through

experimental manipulation of mice. For example, the knock-

out mouse lacking cathelicidin is more susceptible to bacter-

ial infection of the skin [19], conjuctivae [20], gastrointestinal

tract [21], urinary tract [22] and bloodstream [23]. Conver-

sely, enhanced resistance to bacterial infection is provided by

augmenting cathelicidin levels by transgenics [24], viral gene

therapy [25] or pharmacologic administration [26]. Conse-

quently, loss of virulence in mouse infection models has

allowed corroboration of candidate bacterial AMP resistance

factors identified by altered susceptibility during in vitro

testing. These studies have revealed a surprisingly diverse

of strategies deployed by leading human bacterial pathogens

to resist the action of AMPs.

One path to resistance shared by several human bacterial

pathogens involves introducing chemical modifications to

normally anionic constituents of their cell surfaces, thereby
ction and associated disorders, Drug Discov Today: Dis Mech (2008),
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Figure 2. Mechanisms for microbial resistance to antimicrobial peptides. Microbes have evolved a wide range of strategies to resist killing by antimicrobial

peptides. Known resistance mechanisms for Staphylococcus aureus and group A Streptococcus are illustrated here. Major systems include degradation of the

peptide by proteases, inactivating the peptide by binding and sequestration, active transport of the peptide away from the cell, alteration of membrane

sensitivity by decreasing the capacity of the peptide to bind bacterial membrane. These strategies can lead to increased disease as a consequence of

enhanced virulence.
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increasing net positive charge to repulse rather than attract

cationic AMPs. Additional pathogenic species have evolved

membrane pumps for active efflux of AMPs. Bacteria can also

secrete factors that inactivate AMPs through direct binding or

proteolytic degradation. Finally, certain pathogens take one

step further and blunt innate defense by directly downregu-

lating host cell expression of AMPs. The emergence of bacter-

ial resistance is controlled by transcriptional regulatory

networks induced upon sensing of the AMP by the pathogen

[27,28]. Certain bacterial species express multiple AMP resis-

tance mechanisms, which contribute synergistically to

impair host innate immune clearance – this concept will

be illustrated in the next two sections for Staphylococcus aureus

(SA) and group A Streptococcus (GAS), invasive pathogens that

represent the two leading agents of human skin and soft

tissue infections. A schematic illustration of mechanisms

deployed by these preeminent human pathogens to avoid

innate immune defense is shown in Fig. 2.

Infections due to microbial resistance to the innate

immune response

Staphylococcus aureus

SA is a prominent cause of wound infections, cellulitis,

abscesses, osteomyelitis, septic arthritis, endocarditis and

septicemia, and exhibits significantly higher minimum inhi-

bitory concentrations to human AMPs than observed in

related organisms [29]. The best appreciated mechanisms
Please cite this article in press as: R.L. Gallo, and V. NizetInnate barriers against infe
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Tof SA resistance to AMPs center on modifications of teichoic

acid in its cell wall. Generally, bacterial teichoic acids are

polyanionic because of abundant phosphate groups in their

repeating structure, helping to attract host cationic AMPs.

However, the gene products of the dltABCD operon incorpo-

rate D-alanine into the SA teichoic acid through an ester bond

that instead leaves the positively changed amino group

exposed [30]. SA with dlt operon mutations have increased

cell-surface negative charge and are more sensitive to killing

by human a-defensins and cathelicidin as well as variety of

other cationic AMPs [31]. Similarly, positive charge modifica-

tion of SA membrane phosphotidylglycerol with L-lysine

through the action of the mprF gene is shown to enhance

SA resistance to cationic AMPs [32].

Certain SA strains harbor a multiresistance plasmid pSK1

that encodes the QacA efflux pump. SA positive for QuacA

may exhibit higher levels of resistance to a cationic AMP, as

demonstrated experimentally for the platelet-derived AMP,

tPMP [33]. The metalloprotease aureolysin is released by SA

and can degrade human cathelicidin LL-37 in a dose- and

time-dependent manner [34]; strains producing lower levels

of aureolysin were found to be more susceptible to catheli-

cidin killing. A proteolytic activity released by SA also inacti-

vates lactoferricin B, a cationic AMP derived from the N-

terminus of mammalian lactoferrin [35].

The SA exoprotein staphylokinase (SK) is well known for its

ability to activate host plasminogen. It is now appreciated
ction and associated disorders, Drug Discov Today: Dis Mech (2008),

http://dx.doi.org/10.1016/j.ddmec.2008.04.009
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that SK is independently able to directly bind a-defensins

produced by human neutrophils, inhibiting their bactericidal

activity [36]. Testing of a panel of SA strains found that those

producing SK were resistant to a-defensins, and that the

addition of purified SK to SK-negative SA cultures rescued

them from a-defensin killing [36]. Interestingly, SA upregu-

lates cathelicidin expression during infection, and the bind-

ing of cathelicidin to SK augments the ability of this virulence

factor to activate plasminogen, promote fibrinolysis and

allow bacterial dissemination [37].

The SA surface-anchored IsdA protein, first studied in the

context of iron acquisition, is now also known to reduce the

overall hydrophobicity of the bacterium, thereby blocking

the action of AMPs including cathelicidins and defensins, as

well as the antibacterial properties of fatty acids present in

human serum [38]. IsdA is upregulated by SA in vivo and in

response to encountering neutrophils and their release of

effector molecules such as oxidants and AMPs through the

respiratory burst and degranulation. Global regulation of

AMP defense mechanisms in SA is provided by the three-

component sensing system, ApsS, ApsR and ApsX [39]. Thus

SA has evolved to avoid the metabolic expenditure associated

with enhanced AMP defense until presented with the selec-

tive pressure in vivo.

Group A Streptococcus

GAS is also a leading bacterial pathogen of humans, produ-

cing a wide range of diseases from simple mucosal infections

such as pharyngitis and impetigo to life-threatening invasive

conditions such as necrotizing fasciitis and toxic-shock syn-

drome. The placement of AMP defense as a crucial determin-

ing factor in the outcome of GAS disease has been well

illustrated by genetic studies in the mouse model. Elimina-

tion of the gene Cnlp encoding the sole murine cathelicidin

mCRAMP rendered the knockout mice highly susceptible to

necrotizing skin infection produced by GAS [19]; conversely,

a GAS mutant in transcriptional regulator crgR increased

cathelicidin resistance and virulence of GAS in normal mice

[40]. Consistent with a front line role of AMPs in GAS defense,

keratinocyte-specific expression of porcine cathelicidin in

transgenic mice restricted GAS disease progression in the skin

infection model [24].

One specific mechanism contributing to GAS AMP resis-

tance is shared with SA–GAS possesses a dltABCD operon that

serves to incorporate positively charge residues into its cell

wall lipoteichoic acid, leading to electrostatic repulsion of

AMPs, thus promoting resistance to cathelicidins and to

neutrophil killing [41]. GAS also produces a broad-spectrum

cysteine protease, SpeB, and the activity of SpeB GAS super-

natants has been shown to degrade human cathelicidin LL-37

[42]. Through a complex interaction, secreted SpeB is trapped

on the bacterial surface by host a2-macroglobulin that is

bound by the cell wall anchored GAS protein GRAB; the
Please cite this article in press as: R.L. Gallo, and V. NizetInnate barriers against infe
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retained SpeB is capable of cleaving and inactivating LL-37

and protecting the bacteria against its antimicrobial action

[43]. A surface-anchored protein known as LSA, representing

the largest ORF in the GAS genome, also affords the pathogen

a level of protection from cathelicidin AMP action through a

yet undetermined mechanism [44].

M1 serotype strains of GAS, commonly associated with

invasive infections including necrotizing fasciitis, release a

small peptide known as SIC that binds and inhibits the

activity of human cathelicidins, a- and b-defensins, and

lysozyme [45]. Recently, it has been shown distantly related

small peptide known as DRS is produced by M12 GAS strains,

another common serotype associated with invasive infec-

tions, and this peptide-like SIC can function to inactive host

b-defensins [46].

Finally, the recent discovery and appreciation of the func-

tion of neutrophil extracellular traps (NETs) in pathogen

killing has opened up a new avenue for exploring cationic

AMP function in innate defense. NETs consist of released

chromatin and granule contents that together form a fibrous

network that bind bacteria and allow killing through the

action of proteases and AMPs [47]. GAS may escape from

NETs by the expression of the potent DNAse Sda1, which

degrades the chromatin fibers, allowing the bacteria to avoid

local entrapment [48]. The acquisition of the bacteriophage

encoding Sda1 appears to be a sentinel event in the evolution

of the globally disseminated M1 clone that is the leading

cause of invasive GAS infections, as it offers selection pressure

for a genetic and phenotypic shift leading to upregulation of

numerous virulence phenotypes, including the AMP resis-

tance peptide SIC [49].

Diseases due to inherent dysfunction of innate

immunity

There is increasing evidence that a large number of human

diseases are associated with defects in the innate immune

defense system. These diseases may arise from abnormalities

of excess or deficit, resulting in unchecked inflammation in

autoimmune disorders or blunted immunity and predisposi-

tion to infectious diseases. Many of these diseases are a

consequence of mutations in PRRs or their signaling elements

[50]. In addition, abnormalities in expression or processing of

AMPs are beginning to be associated with a range of human

skin diseases. Here, like the situation with PRRs, abnormal-

ities in AMPs can lead to either increased inflammation or

increased infection.

Atopic dermatitis and infections due to a failure of host innate

defense

Problems in AMP expression can lead to disease characterized

by an increased susceptibility to infection. An excellent

example of this is the disease atopic dermatitis (AD). Innate

immunity plays an important role in AD. AD patients are
ction and associated disorders, Drug Discov Today: Dis Mech (2008),

www.drugdiscoverytoday.com e5
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particularly susceptible to recurrent skin infections, espe-

cially with SA [51]. Altered skin barrier function may partially

explain SA colonization in AD, and a high percentage of these

patients have mutations in filagrin [52], an important struc-

tural protein. However, considering that skin barrier defects

also exist in psoriasis patients, who are by comparison more

resistant to skin infection, a different explanation for micro-

bial susceptibility of the AD patients was necessary. The

explanation came with the discovery that AD skin has very

low expression of multiple AMPs including cathelicidins and

b-defensins [53]. This suppression of normal AMP expression

is partially explained by an inhibitory effect of Th2 cytokines

such as IL-4 and IL-13 that suppress b-defensin expression

[54].

AMPs may also offer new insight into understanding viral

skin infections. Correlation between the cutaneous prolifera-

tion of vaccinia virus and the lower expression of cathelicidin

has been seen in mice [55] and this observation also supports

the susceptibility of AD patients to eczema vaccinatum. This

serious disorder underlies the contraindication for the use of

vaccinia in AD patients as immunization against smallpox.

Induction of epidermal AMPs has also been shown during the

development of verruca vulgaris and condyloma accumina-

tum [56], and these AMPs can act against HPV infection [57].

An association has emerged recently between the action of

vitamin D and resistance to infection. The expression of

several important recognition and response elements are

induced by the active form of vitamin D; 1,25-OHD3. PRRs

such as TLR2 and CD14, together with the AMP cathelicidin,

are all increased by 1,25-D3. Upon the injury of normal skin

the enzyme responsible for 1-hydroxylation of 25D3 is

induced and this induction leads to a local increase in

1,25-D3 [6]. The consequences of this system in human

disease are still unfolding, but intriguing correlations

between vitamin D nutritional status and inflammatory dis-

eases and cancer are unfolding [58]. An association has been

reported between tuberculosis and relative vitamin D defi-

ciency, perhaps explained by the capacity of vitamin D to

increase AMPs, which may lead to novel prevention strategies

for this important infection [7].

Rosacea, Psoriasis and AMPs in inflammation

Recent evidence suggests that excessive AMPs can exacerbate

inflammatory responses. The skin disease, rosacea is charac-

terized by excessive inflammation, and blood vessel dilata-

tion and proliferation in the face. Patients with rosacea were

found to have an increase in the production of the cathe-

licidin precursor protein hCAP18. By itself this is not detri-

mental to the host, because hCAP18 is biologically inactive.

Unfortunately, individuals with rosacea also have increased

activity of the serine proteases (Kallkreins 5 and 7) responsible

for processing hCAP18 [59]. This combination results in a

shift in the composition of AMPs normally found on the
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surface of the skin and abnormal accumulation of LL-37.

Support for an etiologic role this pathway in disease patho-

genesis comes from observations that administration of LL-37

to mice can directly stimulate an epidermal inflammatory

and angiogenic response characteristic of the disease in

humans [60].

The cathelicidin LL-37 is also elevated in several other

human inflammatory disorders including psoriasis, lupus

erythematosus, contact dermatitis [61] and erythema toxi-

cum neonatorum [62]. In psoriasis, it has been recently

proposed that the presence of LL-37 augments type-1 inter-

feron release from plasmacytoid dendritic cells [63]. This

response may occur through a mechanism such as illustrated

in Fig. 1 where the AMP combines with host DNA to trigger

TLR9 activation.

Therapeutic implications and conclusions

The recent appreciation of innate immune barriers to infec-

tion offers new directions for the treatment of infectious and

inflammatory diseases. Several attempts have been made for

the development of AMPs as therapeutics. Although effective,

the economical hurdle of cost of production of a peptide as an

antibiotic has hindered progress. One solution to this pro-

blem is the recent development of alternative molecules that

mimic AMP function but are more stable and less expensive

to produce than peptides. Another approach is the develop-

ment of compounds that induce an increase in AMP produc-

tion. Vitamin D and its analogs are one example of this, and

their application to human skin or cells in culture increases

their capacity to kill pathogens such as S. aureus and GAS [6].

Another novel therapeutic approach involves targeting the

transcriptional regulator hypoxia-inducible factor-1a (HIF-

1a). HIF-1a is another factor that supports the production

of cathelicidin AMPs in neutrophils and keratinocytes.

Genetic and/or pharmacologic augmentation of HIF-1a upre-

gulates cathelicidin transcript and protein production,

enhancing the bactericidal capacity of host cells, and helping

to restrict the progression of SA infection in a skin abscess

[64]. Conversely, diseases that occur as a consequence of

excessive innate immune response may be treated by inhi-

bitors of these events. In the case of rosacea, this process is

already in practice as a common therapy for this disease; the

administration of tetracycline-based antibiotics also reduces

protease activity in the skin and tempers the pathogenic

process.

Overall, much has been learned in the past few years

regarding the innate barrier to microbial disease. Unexpected

associations have emerged between processes long thought to

be independent. The immune defense strategy is seen today

as an integrated system that first depends on an efficient

barrier to infection and a rapid response when this barrier is

broken. Leukocyte recruitment, once considered the main-

stay of the immune response, is an important but secondary
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event in the struggle against infection. This new insight into

the function of our immune barrier offers promising new

therapeutic alternatives.
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