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Abstract The first responsibility for protection against
microbial infection rests on the normal function of the
innate immune system. This system establishes an antimi-
crobial barrier, recognizes attempts to breach this barrier,
and responds rapidly to danger, all based on an innate
defense system. Here, we review this system as it applies to
mammalian skin, highlighting how a physical, cellular, and
chemical barrier is formed to resist infection. When
challenged, the diverse cellular components of the skin
recognize the nature of the challenge and respond with an
appropriate antimicrobial program including the release of
antimicrobial peptides and, when necessary, recruitment
and coordination with adaptive immune responses. Recent
insights into these processes have advanced the understand-
ing of disease pathogenesis and provided new therapeutic
options for a variety of skin diseases.
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Introduction

Current understanding of cutaneous immune defense mecha-
nisms has developed into the recognition of two coordinated
systems by which our bodies defend against infection and
disease; innate and adaptive immunity. Innate immunity
involves a collection of preexisting, nonspecific anatomical,

secretory, and cellular mechanisms to combat infection. This is
in contrast to specific or adaptive immunity that reacts
following education by a specific immune stimulus (antigen).
Although each system has distinct responsibilities, neither is
effective alone and each is influenced by the other. This review
will serve as an introduction to the innate system, a relatively
recently recognized aspect of human immunity whose rele-
vance to human disease is increasingly becoming appreciated.

Innate immunity is an evolutionarily ancient part of our
defense system that is common among plants and animals,
vertebrates and invertebrates. It provides the first line of
defense against infection and typically acts as a broad-
spectrum and rapid defense mechanism to clear pathogens
or reduce their spread. It works with a limited repertoire of
recognition molecules. Adaptive immunity, on the other hand,
only exists in vertebrates. It is highly adaptive and provides
specific recognition of foreign antigens, leading to immuno-
logical memory. Only if innate immunity is unable to control
the pathogen will the adaptive immune system be fully
activated. Because activation of the adaptive immune system
can require several days, the innate immune system effective-
ly buys the body time until the slower effector molecules of
both the innate and the adaptive system appear to fight.

Historically, innate and adaptive immunity have been
studied and considered as separate entities. Today, however,
synergistic and interfacing parts of the two systems have
been appreciated. There are now several mechanisms
known by which the innate immune system instructs and
directs adaptive immune responses [1]. Understanding this,
and the distinct responsibilities of the innate immune
system, is at the forefront of current basic research efforts
in innate immunology.

Innate Immunity

Being the first line of defense against pathogen attack, the
innate immune system responds to a microbe in two
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different ways: (1) It recognizes invading pathogens and
distinguishes pathogenic microorganisms from nonpatho-
gens. (2) It starts a coordinated physiological response to
the offenders producing substances that can destroy them
directly. Innate immunity consists of three major sets of
elements: the physical/anatomical barriers, the cellular
components, and the chemical/secretory molecules (Fig. 1).

The Anatomical and Physical Barriers of Innate Immunity

The anatomical barrier of an epidermal surface meets the
definition of the innate immune system yet is frequently
overlooked by immunologists. In particular, the skin
produces sweat and sebum and forms a stratum corneum
that guards our inner environment from the outside yet
permits and possibly encourages microbial colonization of
nonpathogens [2]. A similar phenomenon occurs with
mucosal membranes that cover the surface of GI, urogen-
ital, and respiratory tracts and produces saliva, tears, and
mucous. Specialized physical elements such as cillia of
broncho-pulmonary tree help get rid of microbes where
tolerance or the need for symbiotic organisms is less
important. Physical factors, such as our normal body
temperature, inhibit growth of many microorganisms,
whereas the establishment of an acidic pH at the surface
provides yet another mechanism to discourage microbial
growth. Thus, when considered together, the anatomical/
physical barrier is the first innate immune defensive shield.
Recognition of this as a part of the immune system as a
whole is now leading to greater understanding of how
alteration of structural elements may play a role in
modifying inflammatory events.

Glycosaminoglycans (GAGs) are a good example of how
structural elements are now understood to contribute actively
to the immune defense system of the skin. Historically, they
were thought to serve as a scaffold necessary for the
orientation and organization of the extracellular matrix.
However, they are now known to also act as important
initiators and regulators of inflammatory responses [3, 4]. In
general, GAGs influence cytokine/chemokine production,
leukocyte recruitment, and inflammatory cell maturation [5–
7]. Among them, hyaluronan (HA) is best known in clinical
applications for its role in triggering an inflammatory
response. When present in the small molecular weight form,
HA is recognized by Toll-like receptor-4 (TLR4) [8, 9] and
an inflammatory response is initiated. This system will be
discussed further below. Many cells, including keratinocytes,
endothelial cells, and fibroblasts, synthesize HA [10–12],
and HA production in turn can be induced by proinflamma-
tory cytokines [13]. Among the roles HA may play in an
inflammatory response, recruitment of leukocytes to sites
of inflammation [13] and regulation of the activation of
leukocytes [14] have been suggested. Elevated levels of HA
are noted in diseases such as osteoarthritis, rheumatoid
arthritis, psoriasis, and scleroderma [10].

The Cellular Components of the Innate Immunity

The cellular compartment of the innate immune system was
traditionally believed to consist of only a few cell
populations, including neutrophils, macrophages, mono-
cytes, natural killer (NK) cells, and NK T cells (NKT-
gamma delta T cells). We now know that innate immunity
also involves mast cells that become activated during
inflammation. All of these cells rapidly differentiate into

Fig. 1 The innate immune response in skin as the first line of defense
against pathogen attacks consists of three major sets of elements: the
physical/anatomical barriers, the cellular components, and the chem-
ical/secretory molecules. In response to a pathogen, innate immunity
(1) releases antimicrobial agents, (2) induces inflammatory mediators
including cytokines and chemokines, and (3) influences the adaptive
immune response. FFA free fatty acids. Adapted and modified from
Fitzpatrick’s Dermatology in General Medicine, chapter 22

Fig. 2 APCs such as macrophages and dendritic cells of the innate
immune system survey the environment and recognize pathogens
through receptors such as TLRs. Activation of APCs by pathogens
leads to phagocytosis, as well as expression of cytokines and
costimulatory molecules. On the other hand, APCs present pathogenic
antigens (through MHC molecules) and costimulatory molecules to
effector cells of the adaptive immune system to direct their response
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short-lived effector cells whose main role is to rid the body
of infecting organisms.

Neutrophils (PMN) have classically been known as the
most important cells in bacterial destruction. They contain
cytoplasmic granules (lysosomes) that carry many secretory
components including lysozymes (e.g., myeloperoxidase),
proteases (elastase, cathepsin G, etc.), cationic proteins, and
defensins. These secretory elements play an integral part in
defending our bodies against pathogens. Lysozyme, for
example, attacks bacterial peptidoglycan cell walls [15].

Neutrophils, together with macrophages, are major phago-
cytic cells in the skin. They have the capacity to migrate to the
site of infection, detect the pathogen(s) using their receptors
[namely, complement receptors and pattern recognition
receptors (PRR)] and destroy the invading organisms. In
addition to phagocytosis, upon activation, these cells also
induce several important effector mechanisms such as
triggering the production of cytokines (Fig. 2).

NK cells, on the other hand, are our major defense
against viral infections and malignancies before the
adaptive immune responses have had a chance to launch.
Simply put, NK cells are lymphoid cells without a specific
antigenic receptor that T cells and B cells express. Instead,
they recognize the malignant or virus-infected cells via
sugar–lectin interaction or become activated in response to
interferons (IFNs) or macrophage-derived cytokines [16].
NK cells do not attack the pathogen itself but rather the
cells that have been infected by that pathogen. They are
considered to be cytotoxic cells due to the possession of
small cytoplasmic granules of perforin, granulysin, or other
proteases (granzymes) [17, 18]. However, the exact
mechanisms of target cell death are not fully known. It
has been suggested that perforin forms pores in the cell
membrane of the infected cell through which other
molecules enter and induce cell apoptosis [19, 20].
Additionally, there are data suggesting that the binding of
NK ligands to the target cell’s death receptors such as
TRAIL-R [21] induces cell death. Regardless of mechanism
of induction, apoptosis is a very effective way to protect the
body against viral and malignant spread. In contrast to cell
lysis that may lead to the release of pathogens, apoptosis
leads to destroying the virus inside the cell.

The Chemical and Secretory Components of the Innate
Immunity

The soluble/secretory/chemical group of the innate immune
system includes the chemical components that are consti-
tutively produced by a number of cells that prevent
pathogen colonization and growth at the interface. Exam-
ples of specialized chemical innate barriers include lactic
and fatty acids in skin secretions that provide a low pH
(5.6–6.4) and the degradation product of sebum-derived

triglycerides that contribute to making a hostile environ-
ment for pathogen growth. Similarly, the low pH of the
stomach and the vagina inhibits microbial growth. Hydro-
lytic enzymes present in the stomach, such as pepsin, are
capable of cleaving proteins.

Following invasion of the epithelial barrier, the comple-
ment system, known long before the concepts of innate and
adaptive immunity evolved, provides an essential systemic
innate chemical defense system. The complement system is
best known for induction of phagocytosis (opsonization)
and bacterial lysis. Upon activation by a variety of specific
and nonspecific immunologic mechanisms, the circulating
proteins of the complement system participate in enzymatic
cascades resulting in the destruction of pathogenic organ-
isms. Additionally, the complement system is involved in
modulating other parts of the immune system such as mast
cell activation, neutrophil recruitment, and inflammation
[22, 23]. Although the essential cooperativity of the
complement cascade is a process that has been rediscovered
many times in the innate immune system, the now well
described elegant details of this system are beyond the
scope of this review. We will just briefly point out that both
hereditary deficiencies of complement components (although
rare) and acquired deficiencies that result from development
of antibodies to complement components, have been
reported in association with human diseases. Diseases
include but are not limited to autoimmune disorders,
recurrent infections (especially meningococcal), and angio-
edema [24]. In particular, defective regulation of the alter-
native pathway of complement is associated with autoimmune
diseases of the kidney, such as the atypical form of hemolytic
uremic syndrome and membranoproliferative glomerulone-
phritis, and also with age-related macular degeneration of the
eye [25].

Other circulating components important to innate immu-
nity were first described in the setting of their activity on
cells participating in adaptive responses. This diverse group
of regulators, generally referred to as cytokines, includes
the growing list of interleukins (ILs), IFNs, chemokines, the
tumor necrosis factor (TNF) family, and growth factors. As
the list expands (a total of 31 human ILs and over a dozen
related cytokines are currently known [26]), the relevance
of these proteins to innate or adaptive immunity becomes a
subject of frequent reinterpretation.

The diversity of cytokines and the complexity of their
interactions make it impossible for us to address this
component of the immune system in detail. We will focus
on a few cytokines that are most important to our
discussion of innate immunity in health and disease. An
excellent example of this is interleukin-1 (IL-1). IL-1 is
secreted by epithelial cells, macrophages, monocytes, and
dendritic cells, and binds the IL-1 receptor (IL-1R), which
is similar to the toll-like family of receptors known as
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classical elements of innate immune pattern recognition
[27]. IL-1 and a very similar cytokine, tumor necrosis factor
alpha (TNF-α), are classically known for their role in
Gram-negative sepsis and endotoxic shock due to bacterial
lipopolysaccharide (LPS). In attempts to prevent devastat-
ing effects of septic shock, inhibitors of IL-1 and TNF-α
such as recombinant human IL-1R antagonist and mono-
clonal antibody to human TNF-α have been shown to be
promising [28, 29]. Recent work with mice deficient in the
IL-1R has found that these animals show increased
susceptibility to injury [30] and infections (such as gut-
derived sepsis caused by Pseudomonas aeruginosa [31]
and Listeria monocytogenes infection [30]), a finding
consistent with a defective innate immune response or
recognition system.

An additional relevant IL worthy of discussion in this
overview of the innate immune system is IL-18. IL-18
(IFNγ-inducing factor) has been classified in the IL-1
family based on its structure. However, biological effects of
IL-18 are similar to IL-12 in that it mediates a TH1
response and activates NK cells. ILs 12 and 18, like many
other cytokines such as IFNs and the TNF family,
participate in antimicrobial and antitumor pathways of
innate immunity [32, 33]. IL-18 induces IL-1, TNF, and
other chemokines [34, 35], whereas IL-12 stimulates the
production of IFN gamma, TNF-alpha, as well as the
cytotoxic activity of NK cells and CD8+ T lymphocytes [36].

Many studies have identified associations of cytokines
with human disease: Increased production of IL-1 and TNF
has been linked to Crohn’s disease [37–39]. IL-4 and IL-10
production has been shown in progressive forms of
leishmanial, schistosomal, and trypanosomal infections.
Additionally, IL-10 expression in lesions correlates with
susceptibility to leprosy, which suggests a role for IL-10 in
defense against intracellular pathogens [40].

Antimicrobial peptides (AMPs) refer to a group of small
peptides, containing less than 100 amino acids, which have an
inherent ability to kill a broad range of pathogens, including
Gram-negative and Gram-positive bacteria, fungi, and
viruses. Their function, once considered to be only antimi-
crobial, has now been understood to involve many more
immunologic activities [41–44]. For example, they act as
important regulators by driving cytokine expression in
keratinocytes [44, 45]. AMPs are produced in part by the
epithelial surfaces as a first-line defense system but also by
PMNs, macrophages, platelets, lymphocytes, dendritic cells,
and mast cells. Some AMPs are present constitutively
although they are not necessarily always active and may
require processing [46, 47]. Others are inducible by bacterial
products [48, 49], cytokines such as TNF-alpha or IL-1 [41],
or vitamin D [50]. AMP production increases with inflam-
mation and injury, and they also have important roles in host
repair and adaptive immune response (discussed later).

How Does Innate Immunity Work?

As previously mentioned, innate immunity provides a
shield in defense against invading pathogens. As a
constitutive system, we have already mentioned several
known elements that combine for the basic innate protec-
tive system. Skin pH has a key role in fighting bacteria
because only few species can proliferate in such low pH
[51]. AMPs and proteins can be found at the skin surface
and help to hinder microbial proliferation [52, 53]. In fact,
some AMPs are produced in greater abundance in the
neonatal period [54–56], possibly to compensate for sup-
pressed adaptive immune elements and a more neutral pH
[51]. Below this, the stratum corneum barrier consists of
several layers of cornified keratinocytes embedded in a
lipid matrix that provides a physical barrier. The lipid
matrix, composed of ceramides, cholesterol, and free fatty
acids, helps form a continuous physical network along the
corneocytes and also exerts direct antibacterial activities.
Free fatty acids have been described to have antibacterial
activity against Staphylococcus aureus [57].

Complementing the constitutive defense system, an
inducible system also exists to appropriately respond to
danger that is not adequately controlled by the barrier. To
simplify our understanding of these elements of the innate
immune response system of the skin, we will look at
recognition and response systems separately.

Recognition by the Innate Immune System

As discussed earlier, the hallmark of the innate immune
response is its speed. As a first step, if a microbe is not
controlled by the constitutive barrier and poses a threat to
the host, this pathogen must be recognized and discrimi-
nated from “self” [58]. The innate immune system plays an
important role in discriminating between “infectious non-
self” and “noninfectious self” [59]. In addition, we must
recognize that a third group, “noninfectious nonself,” must
also be distinguished at external epithelial interfaces. The
innate immune system of the skin must make the first
decision about potential danger and whether or not respond.
Most skin disease can be categorized as either inappropriate
decision about danger or an inappropriate response to danger.

Pathogen recognition by the innate immune system
happens through a limited number of germline-encoded
receptors. These receptors are special in that they recognize
not one specific but many similar molecules; they are less
stringent and more promiscuous receptors than their
adaptive counterparts. Therefore, they have been referred
to, by some authors, as PRRs. Although we realize that the
term “pattern” is not well defined, for simplicity, we will
continue to refer to these receptors as PRRs in this
discussion. PRRs gain their specificities from inherited
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genetic material. They have evolved to recognize patterns
that are common among pathogens but not present in the
host, called pathogen-associated molecular patterns (PAMP).
A classic example is the recognition of LPS, a cell wall
component of Gram-negative bacteria, by PRRs present on
antigen-presenting cells (APCs) and other cells. Macro-
phages and dendritic cells of the innate immune system
continually survey the environment and recognize PAMPs
[58, 60]. This is in contrast to the cells of adaptive immune
system that can create a large repertoire of specificity by
combination of genetic material. This gives the adaptive
immune system a much greater variability in recognition
potential that is responsive to education. Because these
potential lymphocyte receptors are subject to expansion only
in response to the exposure of each individual to the target
antigen, each generation must reinvent their own repertoire.
In contrast, innate immune receptors are limited in number
but are retained in evolution and capable of recognizing
more broad structural features of a molecule [58].

PRRs of the innate immune system are not confined to
the cell membrane. They are also present in intracellular
compartments, circulating plasma, and tissues [58, 59, 61].
Once activated, these receptors participate in phagocytosis,
opsonization, activation of complement and coagulation
cascades, activation of proinflammatory signaling path-
ways, and induction of apoptosis [62–64].

Among soluble PRRs that bind common structures in
microbes are Mannan-binding lectin and ficolins. Upon
stimulation, they activate complement factors C2 and C4,
leading to activation of the central molecule of the comple-
ment cascade, C3. Complement cascade, in turn, promotes
opsonization, phagocytosis, and cytokine and chemokine
release. The result is a proinflammatory antimicrobial
environment that helps eliminate the pathogen [62, 63, 65].

Another important cellular PRR is the macrophage
mannose receptor (MMR) of the C-type lectin family. MMR
interacts with a variety of Gram-positive and Gram-negative
bacteria and fungal pathogens by stimulating their phagocy-
tosis and subsequent delivery into the lysosomal compartment
where they are destroyed by lysosomal enzymes [66].

Macrophages also express macrophage scavenger recep-
tor (MSR), a phagocytic PRR, of the scavenger receptor
type A (SR-A) family. MSR has a broad specificity, which
recognizes double-stranded RNA (dsRNA), LPS, and lip-
oteichoic acid [67]. MSR protects against endotoxic shock
by scavenging LPS [68]. Another SR-A family macrophage
receptor is MARCO, which binds to bacterial cell walls and
LPS and mediates phagocytosis [69].

The protein kinase receptor (PKR) is a receptor known
to become activated after binding to viral dsRNA. Upon
activation, PKR phosphorylates and inactivates the transla-
tion initiation factor eIF2α, which in turn blocks viral and
cellular protein synthesis [70]. PKR activates NF-kB and

MAP kinase signaling pathways, leading to the induction of
the antiviral type-I IFN genes [71]. To inhibit viral spread,
PKR also induces apoptosis of infected cells [71].

Viral dsRNA also binds and activates the 2′-5′-oligoa-
denylate synthase (OAS)/RNaseL pathway. Activated OAS
produces an unusual nucleotide second messenger -2′-5′
oligoadenylate that then activates the RNaseL. In addition
to destroying the viral RNA, the RNaseL also cleaves
cellular RNAs. This leads to induction of apoptosis in
infected cells, which is important as an additional antiviral
mechanism [72].

Among the most well known of all PRRs are the toll-like
receptors (TLRs) (Fig. 3). They are transmembrane proteins
with ligand-binding domains composed of leucine-rich
repeats. TLRs are located on the cell surface or in
intracellular compartments and play an important role as
primary sensors of invading pathogens and initiators of
inflammatory and immune responses [65]. There are 10
known human TLRs [60]. They bind certain antigenic
ligands of infectious agents and activate distinct signaling
pathways resulting in a similar but not identical pattern of
antimicrobial mediators. TLRs recognize a diverse set of
Pathogen-associated molecular patterns (PAMPs) (Fig. 3).
TLR1–6 are expressed on the cell surface and recognize
bacterial components; TLR2 associates with TLR1 or
TLR6 to recognize lipopeptides from bacteria, peptidogly-
can, and lipoteichoic acid; TLR4/CD14 is activated by LPS
derived from Gram-negative bacteria; TLR5 recognizes
flagellin. On the other hand, the intracellular TLRs bind
viral and bacterial components in the cytoplasm; TLR3
recognizes dsRNA that is produced during virus replication,
TLR7 and 8 recognize (G + U)-rich-ss RNA, and finally,
TLR9 recognizes unmethylated CpG DNA primarily found
in bacteria [65].

The mechanisms of downstream signaling and responses
of TLR activation are not fully understood. Commonly,
TLRs couple with adaptor molecules and initiate signals. At
least four different adaptor molecules are known: myeloid
differentiation factor 88 (MyD88), TIR-domain-containing
adaptor, TIR-domain-containing adaptor protein inducing
IFN-beta (TRIF), and TRIF-related adaptor molecule
(Fig. 3). Most TLRs activate adaptor molecule MyD88 that
in turn activates MAPK-kinases and the transcription factor
NF-KB. This leads to expression of several proinflamma-
tory and regulatory cytokines and chemokines, including
IL-1 β, TNF-α, IL-6, and IL-12 [65].

Microbial stimulation of TLRs also leads to the
activation of signaling pathways that result in production
of antimicrobials, triggering of dendritic cell maturation,
induction of costimulatory molecules, and increased anti-
gen-presenting capacity. All these activities help to initiate
and direct adaptive immune responses. In this way, TLRs
have been recognized as the link between innate and
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adaptive immunity. They have revealed some of the roles of
the innate immune system as regulator of adaptive immune
response. It is important to emphasize that the regulation of
adaptive immunity by TLRs happens at several steps in the
process from TLR recognition to the resultant response
[58].

On the other hand, the discovery of multiple TLRs and
adaptor molecules, in addition to different intracellular
signaling pathways associated with each TLR, clearly
indicates that the innate immune system has a much higher
degree of specificity than previously recognized. Under-
standing of such concepts as higher specificity of innate
immunity and its regulatory role on adaptive immune
response necessitates that we look at innate and adaptive

immunity as components of one complex and interacting
system rather than two separate entities (Fig. 2).

Clinically, the identification and understanding of TLRs
and their signaling pathways has brought new hypotheses
about the pathophysiology of many diseases and the
mechanism of action of some drugs [58]. A greater
appreciation of this system has also generated interest in
the development of new drugs and therapies.

Disease Associated with Innate Recognition

Acne vulgaris is a disorder of the pilosebaceous unit
characterized by inflammatory papules, pustules, and nod-
ules, as well as noninflammatory comedones. An accepted

Fig. 3 TLRs mediate innate
immune responses in host
defense. a After binding of a
ligand, TLR couples with
adaptor molecule(s) and initiate
signaling pathways that lead to
the production of inflammatory
cytokines and chemokines. In
addition, costimulatory
molecules are induced that
instruct the type of adaptive
immune response. b A number
of TLRs are expressed on the
cell surface and recognize
extracellular bacterial
components; TLR4 binds LPS,
TLR2 binds bacterial
peptidoglycan, and TLR5
recognizes flagellin.
Intracellular TLRs bind viral
and bacterial components
including nucleic acids (TLR9),
ds RNA (TLR3) or (G + U)-
rich-ss RNA (TLR7 and 8). At
least four different adaptor
molecules are known to
associate with TLRs: MyD88,
TIR-domain-containing adaptor
(TIRAP), TRIF, and TRIF-
related adaptor molecule
(TRAM)

20 Clinic Rev Allerg Immunol (2007) 33:15–26



responsible pathogen for acne vulgaris is Propionibacterium
acnes, a Gram-positive anaerobe. Propionibacterium acnes
antigens presented by APCs induce cytokines that lead to an
inflammatory response [73]. New studies have shown that
the activation of TLR2 is a critical step in triggering this
proinflammatory cytokine response [74]. In other words,
production of inflammatory cytokines (IL-6, -8, and -12) in
response to P. acnes depends on TLR2. Recent reports also
suggest that retinoids used in the treatment of acne vulgaris
exert their anti-inflammatory effects by decreasing local
expression of TLR2 [75].

There has also been some thought about TLRs being
important in the pathogenesis of psoriasis. Baker et al. have
suggested that certain microorganisms induce and/or exac-
erbate disease processes through the activation of TLRs in
the skin [76]. They show up-regulation of TLR2 in psoriatic
skin; this may reflect the higher presence of Gram-positive
bacteria on the keratin layer or, alternatively, results as a
secondary effect due to the presence of proinflammatory
cytokines and/or altered keratinocyte differentiation in
psoriatic plaques [76].

In addition to their role in microbial recognition, there is
evolving evidence that TLRs also participate in the recog-
nition of injury by detecting fragmented elements of the host.
These host-associated molecular patterns include fragmented
hyaluronic acid (HA). As mentioned earlier, detection of
low-molecular-weight HA by TLR4 leads to the release of
cytokines by dendritic cells [8], epithelial cells [77] and
endothelial cells [9], and has been shown in mouse models
of lung injury to participate in the development of an
inflammatory response [78]. More in-depth understanding
of HA and its role in triggering sterile inflammation may
shed light on the nature of some inflammatory diseases,
such as rheumatoid arthritis and Crohn’s disease, and may
lead to better diagnostic and therapeutic strategies.

It is true that, in recent years, TLRs have grabbed a lot of
scientific attention and have been studied in detail.
Recently, however, two additional families of PRRs have
been studied in great detail: the NLRs (NOD-like receptors)
[79] and the RLHs (RIG-like helicases) [37]. These
receptors are soluble proteins expressed in the cytosol,
where they recognize and respond to pathogens that have
gained access to the intracellular compartments. The NLRs
comprise the NOD and the NALP subgroups [79, 37].
NOD1 and NOD2 of the NOD family detect bacterial
peptidoglycan (LPS). They then associate with protein
kinase RIP2, which in turn activates the transcription factor
NF-κB and the MAP kinase signaling pathways [37, 59,
80–83]. Much of the interest in NOD2 comes from the
association of mutations in this gene with Crohn’s disease.
Of all the familial Crohn’s disease cases in Western
populations, about 50% have been linked to three NOD2

mutants [37, 84, 85]. Studies have also shown evidence that
NOD2 participates in innate immunity to Streptococcus
pneumoniae [37, 86] and Mycobacteria [37, 87]. Cryopyrin
(also called Pypaf1) is a member of the NOD protein family
that has been shown to be mutated in several inflammatory
diseases, including familial cold urticaria and Muckle–
Wells syndrome [88, 89].

Responses of the Innate Immune System

As mentioned above, some responding elements of the
innate immune system, such as complement system, are
well known. More recently discovered are AMPs. AMPs
are regarded as major effectors of microbial killing of
innate immunity. We mentioned that AMPs are small
peptides with an inherent ability to kill a broad range of
pathogens and also trigger host cytokine responses. They
are produced by epithelial cells, keratinocytes, and many
circulating cells. Of peptides discovered in humans with the
ability to kill pathogens, the cathelicidins and defensins are
the two main groups that are the most thoroughly studied
[90–94]. Human β-defensins are produced, constitutively
or as result of inflammatory stimuli, by keratinocytes, as
well as epithelia of mucous membranes. Cathelicidin, or
LL-37, produced in epithelia and by neutrophils, inhibits
the growth of many bacteria and some protozoan parasites,
as well as the replication of lentivirus [42, 95–97].

These AMP families have little gene structure in common.
However, their physical structures are similar in that they are
positively charged and hold their charged residues separately
from hydrophobic residues. This structural form enables
AMPs to bind to the negatively charged microbial mem-
brane, which is a critical step in their killing effect [97–100].
β-defensins can then directly destroy microorganisms by
creating pores in the bacterial cell membrane [41, 101].

AMPs are currently subject to increased scientific
attention due to their important immunomodulatory func-
tions that extend beyond killing microbes. They act as
important communicators and regulators of both innate and
adaptive immune systems by their many roles. Some
defensins have been shown to stimulate immature dendritic
cells and subsets of T cells [102, 103] and play a
chemoattractant role for neutrophils, mast cells, and other
immune cells [104–106]. Cathelicidins are also chemo-
attractants for neutrophils, monocytes, and T lymphocytes
[107]. Select AMPs initiate posttranslational processing of
IL-1beta [108]. It is also important to note that cells
classically considered part of the adaptive immune system
contain AMPs and larger antimicrobial proteins that are
secreted upon antigenic stimulation. Granulysin is an
example of such a molecule and has a wide range of
antimicrobial activity [109, 110].
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An additional function of interest in studying AMPs is the
role they play in wound-healing. AMPs were originally
discovered in mammalian skin due to the capacity of one
type, the cathelicidin PR-39, to induce changes in proteo-
glycan synthesis important to the wound repair process [52].
Other cathelicidins, such as the human LL-37, influence
keratinocytes’ function during wound repair and accelerate
the process. Conversely, growth factors that are produced
during wound healing to stimulate the regeneration of
damaged tissue, such as insulin-like growth factor-I and
TGF-α, which are two growth factors that are important in
wound healing, have been reported to induce the expression
of the AMPs hCAP-18/LL-37 and human beta-defensin 3
[111]. One could suggest that AMPs play a dual role in
wound healing by killing bacteria and also stimulating
complex host repair responses [52]. The negative conse-
quences of inappropriate AMP function in wound healing
have been confirmed in animal studies showing that
inhibiting the activation of cathelicidins in pig wounds
leads to greatly increased bacterial colonization [112].

Disease Associated with Innate Immune Responses

Abnormalities in expression or processing of AMPs have
been associated with a range of human skin diseases. The
cathelicidin LL-37 is elevated in human keratinocytes in lupus
erythematosus, contact dermatitis [113], and erythema tox-
icum neonatorum [56]. AMPs also play an important role in
atopic dermatitis (AD). AD patients are particularly suscep-
tible to recurrent skin infections, especially with S. aureus
[114]. Altered skin barrier function may partially explain S.
aureus colonization in AD. However, considering that barrier
defects also exist in psoriasis patients, who are by compar-
ison more resistant to skin infection, necessitated seeking a
different explanation for microbial susceptibility of the AD
patients [115]. The explanation came with the discovery that
psoriatic skin lesions are accompanied with increased AMP
production, but AD skin has very low expression of
cathelicidins (LL-37) and β-defensins [116, 117].

AMPs may also offer new insights into understanding
viral skin infections. Correlations between the cutaneous
proliferation of vaccinia virus with the lower expression of
cathelicidin in mice [118] support the susceptibility of AD
patients to eczema vaccinatum. This serious disorder
underlies the contraindication for the use of vaccinia in
AD patients as a means for immunization against small
pox. Induction of epidermal AMPs has also been shown
during the development of verruca vulgaris and condyloma
accuminatum [119], and these AMPs can act against human
papilloma virus (HPV) infection [120].

Abnormal proteolytic processing of cathelicidin AMPs
has recently been associated with the pathogenesis of
rosacea [126].

How Separate Really are Innate and Adaptive Immune
Systems?

We started our review by mentioning that innate and
adaptive immunity were historically considered separate
entities. With time, the synergistic and interacting parts of
the two systems have become clearer. We are now aware of
several mechanisms by which the innate immune system
instructs and directs adaptive immune responses [1].

Many molecules first identified for their role in control
of adaptive immune cell (T- and B-cell) function in fact act
also in the innate response. ILs have traditionally been
grouped into families based on their structural similarities
or their sharing of ligands and/or receptor subunits. For
example IL-12, IL-23, and IL-27 all share structural
similarities and some receptor/ligand subunits [26]. On the
other hand, they share overlapping, but not completely
identical, roles in regulating some immune functions: NK
cell activation, T cell proliferation/cytokine production, and
antibody class switching. The sharing of the subunits
among distinct ILs and/or their ligands/receptors have
necessitated the reevaluation of the roles initially ascribed
[26]. It is intriguing that the IL-1R shares significant
structural similarity with TLRs and a deficiency in IL-1R
leads to increased susceptibility to infection by S. aureus in
mice [121]. Study of the overlapping roles of such
molecules in regulation of innate and adaptive immune
systems may clarify other pathways of interaction between
the two systems.

Keratinocytes and other epithelia use their innate
immune elements to recognize and respond to danger with
the production of peptides capable of recruiting leukocytes.
APCs influenced by these events further build a bridge to
adaptive immunity as they present foreign antigens to T and
B lymphocytes, eventually directing a specific response that
can be recalled without the initial delay of the naive host
(Fig. 2). This way, when the innate immune system is
unable to completely control an infection, it will instruct the
adaptive immune system about the nature of the pathogenic
challenge it is dealing with. After mounting a delaying
action, the innate response of the epithelium is joined in its
fight by a circulating cellular response using both innate
and adaptive elements. Thus, the adaptive immune response
learns about danger in the initial setting of innate elements,
hopefully gaining the capacity to recall a response to pathogenic
nonself while ignoring self and nonpathogenic nonself.

Why Do We Care?

A growing insight into immune defense pathways clearly
sheds light on abnormalities associated with human
diseases. Identification of novel sensing and signaling
mechanisms may help us understand how some of the
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commonly used drugs work and may also direct our future
path in developing new treatments.

The therapeutic potential that understanding innate
immunity provides is most dramatically exemplified by
the success of several medications recently introduced into
clinical practice. Imiquimod (Aldara®), for example, is an
immune response modifier of the imidazoquinoline family
that is used in dermatology due to its antitumoral and
antiviral activity. It has been proven useful as a topical
treatment of basal cell carcinomas and cutaneous squamous
cell carcinomas in situ, and also in treatment of external
genital warts caused by HPV. The study of TLRs gave us
insight into how this drug works. Imiquimod binds to TLR7
and TLR8 receptors, which associated with MyD88
receptors, leading to the activation of transcription factor
NFκB (Fig. 3). NFκB then enters the nucleus and in turn
activates transcription of many inflammatory cytokines and
chemokines including TNF-α, IL-2, IL-6, IL-12, G-CSF,
GM-CSF, IFN, IFN, and IL-8 [122–125]. The downstream
result of Imiquimod binding to TLR receptors is a
proinflammatory and cellular immune response directed at
the virally infected or tumor cells [122].

In this paper we reviewed some general aspects of the
innate immune system and pathways linking innate and
adaptive immunity. However, we are just beginning to
understand the role of the innate immune system in a
variety of clinical diseases and its potential role as
treatments. There is much more to learn and we are
certainly entering a new era of studying and understanding
our immune system both on the bench and at bedside.
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