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The compartmentalization of immune responses 
into innate versus adaptive components was an 
important recent advance in cellular immunology 
[1]. As opposed to adaptive immunity, which is the 
major provenance of B and T lymphocytes, innate 
immune responses can theoretically encompass 
many other cell types that can respond to infec-
tions or tissue injury. Dendritic cells (DCs) are 
a crucial component of the innate immune sys-
tem because they sense and respond to diverse 
environmental cues. Key distinguishing features 
between these two arms of the immune system 
include the patterns or antigens recognized, the 
kinetics of activation and the capacity for mem-
ory. In contrast to adaptive immune cells, which 
recognize an extremely broad repertoire of anti-
gens due to genetic recombination of antigen-
receptor genes, innate immune cells respond to a 
more limited set of targets via a conserved set of 
pattern recognition receptors (PRRs). Similarly, 
innate immune cells generally respond quickly 
to activating signals and have limited capacity 
for long-term memory. Signals that activate the 
innate immune system include those encoded by 
infectious pathogens or produced as a result of 
tissue injury or inflammation.

There has been an explosion of research in 
this area in recent years, with new PRR–ligand 
interactions being discovered at a rapid pace [2–7]. 
PRRs tend to be ancient and conserved, 
and probably evolved to recognize invading 

pathogens. For example, the Toll-like receptor 
(TLR) family recognizes a diverse family of 
pathogen-encoded patterns, and evolved at least 
100 million years before the rearranged antigen 
receptors that underlie adaptive immunity. In 
an exciting new area of research, TLRs have 
now been firmly implicated in allergic diseases 
[8] and are being exploited as novel adjuvants 
in allergen immunotherapy and other vaccine 
strategies. Some TLR–ligand pairs potentially 
have protective effects in allergen immuno-
therapy (e.g., TLR9 and CpG [9]). Other TLR 
ligands have been linked with allergen sensitiza-
tion, although the dose and timing of exposure 
are critical modulating factors (e.g., TLR4 and 
lipopolysaccharide [LPS]).

In addition to recognizing cell wall com-
ponents, nucleic acids and carbohydrates 
derived from microbes, innate immune recep-
tors respond to an array of endogenous danger 
signals that indicate tissue injury. Examples 
of these endogenous ligands (or ‘alarmins’ [7]) 
include heat-shock proteins [10], extracellular 
matrix components (e.g., low-molecular-weight 
hyaluronic acid  [11]), extracellular ATP [12], 
high-mobility group box-1 proteins [13], modi-
fied lipoproteins (e.g., oxidized low-density 
lipoprotein [14]), complement factors [15] and 
uric acid crystals [16]. This rapidly expanding 
world of endogenous danger signals has both 
conceptual and therapeutic implications. First, 
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since activation of innate immune receptors generally results in 
tissue inflammation (due to signals that attract and activate other 
immune cells), and inflammation-associated tissue injury will 
generate endogenous PRR ligands, there must be robust negative 
regulation of PRR-initiated signaling to prevent a vicious cycle 
from spiraling out of control. Although still a relatively new field 
of study, there is a growing body of literature identifying negative 
regulators of innate immune responses, some of which may be 
new therapeutic targets [17–21]. An interesting twist in this area 
came from the recent study by Kim et al. [22]. These investiga-
tors found that, in the absence of T and B cells, viral infection 
or challenge of mice with poly I:C (a TLR3 ligand) resulted in 
much more severe inflammation and higher mortality, both of 
which were inhibited by adoptive transfer of CD4+ or CD8+ 
lymphocytes [22]. This interesting study implies that adaptive 
immune cells can nonspecifically inhibit innate immune-driven 
inflammatory responses in mice.

A second implication of the expanding world of endogenous 
danger signals relates to the possibility of identifying shared sig-
naling intermediates as novel therapeutic targets. For example, 
the Nod-like receptor-based inflammasome links innate immune 
exposure to various bacteria or toxins with caspase-1-dependent 
processing of cytokines, including IL-1α, IL-18 and IL-33 [23,24]. 
Interestingly, the inflammasome was recently demonstrated to be 
required for activity of the proallergic adjuvant alum [25], but its 
involvement in sensitization to bona fide allergens remains to be 
determined. Since both IL-18 and IL-33 can contribute to allergic 
inflammation [26,27], targeting components of the inflammasome 
(e.g., NALP3) may hold therapeutic promise in allergic diseases. 
Future studies may also uncover signaling modules involved in 
different forms of inflammation. For example, could there be an 
innate immune signature characteristic of allergic inflammation 
that results in tissue eosinophilia, mast cell activation and tis-
sue remodeling? It will be interesting in future studies to dissect 
specific innate immune signals derived from the innate immune 
system in asthma and other allergic diseases, which may help 
define qualitatively the different forms of inflammation [28].

Dendritic cells as environmental sensors
Several innate immune cell types can initiate or modulate immune 
responses to inhaled allergens, including DCs, airway epithelial 
cells and alveolar macrophages. DCs in particular are uniquely 
poised to respond to tissue injury or infection and alert adaptive 
immune cells to allergens and other danger signals [29]. Three 
features of lung DCs make them uniquely poised to be key envi-
ronmental sensors. First is their anatomic location within the 
respiratory epithelium. Certain DC subsets may constitutively 
sample the airway lumen as part of an immunosurveillance sys-
tem [30], whereas other DC subsets reside just below the surface 
epithelia and come in contact with external pathogens or antigens 
that either directly or indirectly disrupt the epithelial barrier. The 
second key feature of DCs is their ability to respond to diverse 
environmental cues. This is due to their expression of an array 
of cell-surface and intracellular PRRs, as well to their enormous 
capacity for endocytosis. The third key feature of DCs is their 

ability to intimately interact with antigen-specific T cells. This is 
due not only to the migratory properties of these two cell types, 
which bring them into close contact in secondary lymphoid organs 
and in tissues, but also to the formation of an intimate DC–T-cell 
synapse that allows a two-way exchange of information. Thus, 
DCs provide a key link between exposure to inhaled allergens and 
the development of adaptive immune responses.

In the case of naive T cells, DC–T-cell interactions are thought 
to occur primarily in draining lymph nodes after activated DCs 
have migrated into the afferent lymphatics. In this location, aller-
gen-bearing DCs will come into contact with naive T cells that 
recirculate through lymph nodes after emigrating from the vascu-
lature via the high endothelial venules. Precisely when and where 
naive allergen-specific T cells are educated in human asthmatics 
is not known, but it seems reasonable to postulate that this occurs 
in peribronchial lymph nodes early in life. DCs that emigrate 
from tissues can also re-enter the bloodstream and gain access to 
other organs, although the contribution of these DCs to immune 
responses remains controversial. It should be remembered that 
secondary lymphoid organs (e.g., lymph nodes and the spleen) 
contain populations of nonmigratory follicular DCs that continu-
ally sample the afferent lymph. These resident DCs will take up 
cell-free soluble antigens that enter lymphatic channels, which 
will occur during vaccination or other conditions associated with 
a breach of epithelial barriers. Could inhaled allergens travel as 
immune complexes in afferent lymph and be retained in follicu-
lar DCs, which might sustain IgE production or other humoral 
responses? Future studies investigating the precise mechanisms 
by which allergens gain access to secondary lymphoid organs, and 
initiate and sustain allergen-specific immune responses in asthma, 
should be worthwhile.

Dendritic cell ontogeny
Dendritic cells derive from hematopoietic precursors and are a 
remarkably malleable cell type. A comprehensive discussion of 
DC ontogeny is beyond the scope of this review, and there have 
been excellent reviews of this topic recently [31–33]. It is becoming 
appreciated that both myeloid and lymphoid progenitors can give 
rise to DCs, with differing phenotypes depending on the precise 
nature of the differentiation signals encountered. Conventional 
DCs (cDCs) can be distinguished from plasmacytoid DCs 
(pDCs) owing to functional differences in these subsets and 
also to their differential expression of PRRs [31]. The ability to 
precisely distinguish between inflammatory monocytes and 
cDCs is becoming increasingly difficult, and it is probably best 
to view these two cell types at each end of a spectrum starting 
from CD14+ circulating monocytes and ending with canonical 
tissue myeloid DCs. Studies in mice point to a suppressive effect 
of pDCs in models of allergic airway inflammation [34], but it 
is currently unclear if human lung pDCs have a similarly sup-
pressive function in asthma. Part of the difficulty in this regard 
relates to obtaining large numbers of human lung DCs for analy-
sis. Furthermore, there is no single cell-surface marker that reli-
ably identifies pDCs, which requires complex multicolor flow-
cytometry gating strategies. Interestingly, human pDCs (such 
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as basophils) express cell-surface IgE, and recent studies have 
uncovered crosstalk between FcεRI and TLR-signaling pathways 
in these cells [35,36].

It is generally accepted that cDCs, especially those that dif-
ferentiate from myeloid precursors, play an important and pro
inflammatory role in allergic asthma. Four lines of evidence sup-
port this contention. First, in mouse models of allergic airway 
inflammation, depletion of CD11c+ cDCs attenuated both the ini-
tiation of allergic sensitization as well as ongoing airway inflam-
mation [37]. Second, adoptive-transfer studies in mice found that 
cDCs could recapitulate many features of allergic airway inflam-
mation [37]. Taken together, these two observations indicate that 
CD11c+ cDCs are necessary and sufficient for allergen-driven 
airway inflammation, at least in mice. Third, studies of asthmatic 
human subjects have generally found that the numbers and activa-
tion state of respiratory tract DCs are increased compared with 
control subjects, and although these generally have a conventional 
phenotype, it is difficult to compare between different studies 
due to differences in study design (e.g., before and after allergen 
challenge vs unchallenged subjects) and immunolabeling proto-
cols [38–40]. Fourth, therapeutic agents used in asthma, including 
inhaled glucocorticoids, leukotriene antagonists, anti-IgE agents 
and even b-agonists, can suppress DC activation both in vivo 
and in vitro [41].

Dendritic cell maturation
A current paradigm in immunology is that DCs reside in the 
peripheral tissues in an immature state, where they transduce an 
inhibitory signal that suppresses activation of T cells (including 
autoreactive clones that escaped thymic deletion) [42]. After activa-
tion by appropriate danger signals, DCs undergo a complex matu-
ration process involving simultaneous changes in endocytosis, 
antigen processing and presentation, and secretion of pro-inflam-
matory and immunoregulatory cytokines and chemokines. DC 
maturation also results in changes in chemokine receptor expres-
sion that facilitate homing to regional lymph nodes where they 
present peptide antigen in the context of MHC (signal 1), as well 
as costimulatory molecules (signal 2) to naive T cells. The idea 
that ‘educated’ DCs (similar to T cells) can also recirculate in the 
bloodstream and migrate to other organs (e.g., bone marrow and 
the thymus [43]) is gaining attention, although the frequency of 
these cells is very low and their contribution to immune responses 
remains controversial.

Epithelial and other stromal cells are thought to influence DC 
maturation and their subsequent ability to activate T cells [44]. DCs 
integrate these stromal signals in a way that influences their ability 
to instruct both T-cell homing and T-cell lineage commitment (i.e., 
signal 3). This is a new and exciting area of immunology, where 
very little is known in human allergic diseases. Experiments in mice 
clearly show that signals imprinted in DCs during their maturation 
induce the expression of tissue-specific homing receptors in respond-
ing T cells [45]. In the case of skin Langerhans’ cells, this involves 
upregulation of chemokine receptors and adhesion molecules on 
T cells (e.g., C–C chemokine receptor [CCR]-10 and cutaneous 
lymphocyte antigen [CLA]) that bind to their respective ligands 

expressed in inflamed skin (e.g., C–C chemokine ligand [CCL]-27 
and E- and P-selectin) [46]. In the case of gut-educated DCs, this 
involves upregulation of chemokine receptors and adhesion mol-
ecules on T cells (e.g., CCR9 and the integrin α4β7) that bind to 
their respective ligands expressed in inflamed skin (e.g., CCL25 and 
MadCAM-1) [47]. Although it seems probable that similar receptor–
ligand pairs will govern T-cell homing to the lung, to date, there is 
little firm evidence in support of this notion. One interesting pos-
sibility is that allergen sensitization through the skin would result 
in atopic dermatitis (AD) because CLA+ allergen-specific memory 
would be established, whereas sensitization through the respiratory 
tract results in asthma (or rhinitis) by a similar mechanism. The 
observation that many subjects with AD have a dysfunctional skin 
epithelium due to genetic and acquired defects in filaggrin and other 
barrier proteins provides strong support for this possibility [48,49]. 
Whether this ‘barrier defect’ also exists in asthma is an interest-
ing and active area of research that provides a new framework to 
investigate allergen sensitization and crosstalk between the innate 
and adaptive immune systems [50]. Although this model is attrac-
tive, it is difficult to study prospectively in human subjects and 
would require a cohort study investigating blood and tissue DCs 
and T cells over time.

Dendritic cells shape T-helper immune responses
In addition to affecting T-cell-homing patterns, DCs also shape 
CD4+ Th-cell differentiation. By contrast to Th1-promoting 
DCs, which secrete high amounts of IL-12 family members, the 
molecular mechanisms by which DCs induce differentiation of 
other T-cell lineages (e.g., Th2 and Th17) are not as well under-
stood. DCs do not produce IL-4, the critical Th2-promoting 
cytokine. One early hypothesis was that Th2-promoting DCs 
arose by ‘default’ in the absence of strong TLR signals. This 
was thought to reflect ‘low-grade’ DC activation, sufficient to 
upregulate costimulatory molecules but not enough to induce 
robust secretion of Th1-promoting cytokines, such as IL-12 or 
IL-23. This provided a cellular and molecular correlate of the 
hygiene hypothesis, although it is now clear this default model 
is an oversimplification and that DCs can actively influence 
Th2‑lineage differentiation [41]. DCs and other cells can promote 
Th2 responses but contact-dependent or soluble signals are still to 
be identified, although some candidates have recently emerged. 
These include secreted products (e.g., thymic stromal lymphopoi-
etin [TSLP] [51–53]) and DC surface markers (e.g., OX40L and 
members of the Jagged family of cell-surface receptors [54–56]) [57]. 
Since the original description by Soumelis et al., TSLP has now 
been identified as an important epithelial-derived pro-Th2 factor 
that may also be involved in Th2 memory [58]. TSLP is produced 
by keratinocytes [59] but in numerous studies of human and mouse 
DCs exposed to house dust mites, ragweed allergen extract and 
other danger signals in vitro, we have not detected secretion of 
TSLP using sensitive ELISA techniques, despite the induction 
of ‘pro-Th2’ DCs (data not shown). Thus TSLP is not always 
necessary for the generation of a pro-Th2 DC phenotype, but 
it may be important in tissues when allergens and other inhaled 
particles contact epithelial cells.
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We postulated the existence of an environmental ‘signal X’ that 
induced the maturation of immature DCs into a Th2-promoting 
phenotype, and speculated that this signal would either be encoded 
in, or interact with, allergens. We recently showed that ambient 
particulate matter (APM; i.e., particulate air pollution) fulfilled 
the function of ‘signal X’ because APM-exposed DCs promoted a 
Th2-like pattern of cytokine secretion in responding T cells (see 
later). Because APM-exposed DCs were robustly activated and 
secreted IL-12 and other cytokines, this argued against a ‘default’ 
model of DC activation. Thus, exactly how pro-Th2 DCs instruct 
Th2-cell differentiation is currently unclear, and there may be 
more than one mechanism in this regard.

Allergens can activate tissue & circulating innate 
immune cells
Allergens themselves can directly activate different cell 
types, including airway epithelial cells. The house dust mite 
Dermatophagoides pteronyssinus (Der p) are probably the best 
studied in this regard, and these mites are now known to con-
tain discrete allergens, many of which have enzymatic activity. 
These include the class 1 cysteine protease Der p 1 and the class 3 
serine protease Der p 3 [60]. A seminal early paper reported that 
Der p disrupted tight junctions of the airway epithelium in a 
protease-dependent manner [61], suggesting a mechanism by which 
inhaled allergen would gain access to innate immune cells in the 
airway. In addition to house dust mites, other allergens or aller-
gen extracts have been shown to directly activate epithelial cells 
and other structural cells (e.g., fibroblasts), including ragweed, 
cockroach and mold allergen (Pen C 13) [62–66]. Pichavant and 
colleagues showed that Der p 1 stimulated epithelial monolay-
ers to secrete chemokines, including CCL20, which induced DC 
chemotaxis using a transwell coculture system [67]. CCL20 (or 
MIP-3a) is a potent chemoattractant for immature DCs because 
immature DCs (e.g., naive T cells) express the CCL20 receptor 
CCR6. Interestingly, we recently reported that CCL20 is elevated 
in bronchoalveolar lavage (BAL) fluids following segmental aller-
gen challenge and correlated strongly with BAL lymphocytes, 
although we did not enumerate DCs in that report [68]. Thus, 
CCL20 may be a sentinel chemokine that alerts and recruits innate 
and adaptive immune cells to the lung, and is an attractive thera-
peutic target in allergic asthma. Hematopoietic cells can also be 
targeted by allergens. In an interesting recent paper, Sokol et al. 
demonstrated that basophils were essential in eliciting Th2-driven 
immune responses in mice using papain as a model allergen and 
protease [28]. By contrast, Page et al. recently found that cock-
roach allergen (‘frass’) caused allergic airway inflammation and 
activated neutrophils in mice in a TLR2-dependent manner [69]. 
Thus, allergens appear to induce proallergic immune responses 
via multiple innate immune pathways.

Cysteine proteases: signaling mechanisms & potential 
therapeutic targets?
The cysteine protease activity of Der p 1 appears to be essential 
for its proallergic properties. For example, Kikuchi et al. recently 
showed that mice immunized with ‘protease-dead’ Der  p  1 

(induced either with the irreversible inhibitor E-64 or by heat 
denaturation) did not mount IgE responses when immunized by 
intraperitoneal injection with alum [70]. Immunization with E-64 
did not affect ovalbumin-driven IgE responses, suggesting that 
it was specifically targeting Der p [70]. One possibility is that the 
protease activity of Der p 1 was required for ‘pro-Th2’ DC activa-
tion, but this has not been formally investigated to date. Studies 
with Der p were reminiscent of the cysteine protease CPB2.8 from 
Leishmania mexicana, which was found to be a potent inducer of 
Th2 responses [71]. Interestingly, Corry et al. suggested that pro-
tease activity is the defining feature of ‘class II’ allergens, includ-
ing extracts of Aspergillus (i.e., those that require neither priming 
nor adjuvants for their effects) [72]. Taken together, these studies 
strongly support the idea that allergens and (cysteine) protease 
activity are intimately linked.

Two general mechanisms have emerged for the protease-de-
pendent effects of Der p and these are not mutually exclusive. 
First, Der p 1 can cleave several relevant cell-surface molecules, 
including CD23 [73], CD25 [74] and CD40 [75]. This mechanism 
may be especially apparent after preactivating Der p in vitro with 
cysteine. Interestingly, Shahib et al. showed that dust mite aller-
gen Der p 1 inhibited IL-12 secretion in LPS-stimulated DCs by 
cleaving CD40 expression [75]. Second, Der p can activate the 
protease-activated receptor (PAR) family of G-protein coupled 
cell-surface receptors [76–78]. PAR1 was the first member of this 
family identified and was found to be the main thrombin recep-
tor [79]. Different PAR family members have now been associated 
with allergic diseases and asthma, and PAR agonists/antagonists 
are being developed therapeutically [80]. Allergens appear to acti-
vate PAR family members in a cell-type specific manner, and 
there is currently a lack of consensus in this area. For example, 
Adam et al. reported that Der p 1 activated A549 cells in a PAR2-
independent manner, and induced ERK1/2- and nuclear factor 
(NF)-κB-dependent IL-8 expression  [77]. By contrast, another 
study suggested that Der p 1 activated PAR2 but not PAR1 in 
the same cell line [81]. Cockroach allergen was found to stimulate 
PAR2 on fibroblasts [62], whereas the mold allergen Pen C 13 
activated epithelial cells via both PAR1 and PAR2 [63]. PAR2 
may be particularly important for Th2-immune responses and 
allergic diseases [82]. For example, PAR2 is upregulated in human 
asthmatic epithelium [83] and PAR2 knockout mice are partially 
protected from asthma [84], in association with reduced IL-4 secre-
tion [85]. Interestingly, PAR2 appears to be required for DC devel-
opment from bone marrow in mice [86]. Although it is expressed 
on keratinocytes and monocytes, a comprehensive understanding 
of the role of PAR2 and other related family members in allergic 
immune responses is lacking. Taken together, these studies suggest 
that strategies that counteract protease activity and signaling may 
have novel antiallergic effects, and that defective antiproteases may 
be novel susceptibility genes in allergic diseases.

Other allergens also directly activate DCs
In addition to Der p, other allergens have now been shown to 
directly influence DC differentiation, even in the absence of epi-
thelial-derived signals (Figure 1). For example, Traidl-Hoffmann 
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et al. showed that phytoprostanes associated 
with birch pollen inhibited DC IL-12 pro-
duction [87], whereas Shreffler et al. reported 
that Ara h 1 was a ligand for DC-SIGN [88]. 
We have been studying how short ragweed 
extract (RWE) affects DC differentiation 
and found that RWE potently activates 
mouse bone marrow-derived DCs in an oxi-
dative stress-dependent manner (Rangasamy T, 

Unpublished Data). This is in keeping with the 
observation that ragweed and other pollens 
have intrinsic pro-oxidant activities [66], and 
adds to the idea that oxidative stress can be 
sensed as ‘dangerous’ by the innate immune 
system [14].

Proallergic adjuvants
In addition to signals intrinsic to allergens 
themselves, real-world exposure to airborne 
allergens will occur together with inhaled 
particles or other biologically active com-
ponents that can activate DCs. These 
nonallergenic components could act as 
natural or man-made adjuvants that shape 
subsequent adaptive immune responses. 
Indoor allergens, including dust mite and 
cockroach frass, will probably contain endotoxin and other TLR 
ligands from bacteria colonizing the arthropod digestive tract [89]. 
Endotoxin is a potent activator of DCs that binds TLR4 and initi-
ates Myd88-dependent signaling and DC maturation. It is also 
a powerful adjuvant whose ability to influence the Th1/Th2 bal-
ance appears to be critically dependent on its concentration; high 
concentrations induce robust IL-12-secreting DCs that cause Th1 
differentiation, whereas low concentrations induce IL-12-secreting 
DCs that instead promote Th2 differentiation [90]. Although the 
idea that ‘a little bit’ of endotoxin is pro-Th2 is becoming widely 
accepted, two caveats are worth bearing in mind. First, the land-
mark study by Eisenbarth et al. that established this idea used 
different doses of inhaled LPS in a mouse model of allergic airway 
inflammation [90]. Inhaled LPS will induce local airway inflamma-
tion and may not be directly binding DC TLR4 in these models. 
Second, there is currently little biochemical evidence that LPS 
induces qualitatively different TLR4-dependent signals in any 
cell type.

In urban areas, outdoor aeroallergens complex with airborne 
particulate matter (PM), which is the respirable fraction of air 
pollution whose composition varies based on source and location. 
The idea that PM is a potential man-made ‘proallergic adjuvant’ 
has been around since pioneering studies by Diaz-Sanchez and 
others [91], but its effects on DCs have only recently begun to be 
investigated. PM is categorized according to size, and particles 
range from coarse (defined as ~10 µM in aerodynamic diameter) 
to ultrafine (defined as <100 nM). In most developed countries, 
the levels of outdoor PM are strictly regulated since PM expo-
sure is now strongly linked with exacerbations of cardiac and 

pulmonary diseases. In support of its potential role as an inhaled 
adjuvant, there are growing bodies of epidemiologic data linking 
PM exposure and asthma incidence. PM size has major effects 
on its aerodynamic dispersal as well as deposition in the respira-
tory tract, with smaller particles reaching deeper into the lung 
than larger coarse PM, which will be largely filtered by the upper 
airways. Thus, depending on the precise nature of the particles to 
which they are absorbed, aeroallergens will differentially impact 
on the upper or lower airways and, thus, reach different cells of 
the respiratory innate immune system. 

Particle composition can also have important effects on target 
cells, including DCs. For example, Porter et al. showed that PM 
that was enriched either in car or truck exhaust had distinct effects 
on human monocyte-derived DCs in vitro [92]. Williams et al. 
found that DCs exposed to ambient outdoor PM (from Baltimore, 
MD, USA) induced a distinct profile of DC maturation, charac-
terized by enhanced expression of costimulatory molecules and 
cytokines [93]. In coculture with allogeneic naive CD4+ T cells, 
Baltimore PM-exposed DCs augmented T-cell IL-13 secretion 
and promoted a mixed Th2/Th1 cytokine profile. This PM was 
enriched in heavy metals and transition elements that induced 
DC oxidative stress [93]. Future studies investigating the precise 
mechanisms by which inhaled particles contact lung DCs and 
initiate their maturation in vivo should prove worthwhile.

Expert commentary
The positioning of the innate immune system at the interface 
between the host and the external environment provides a new 
framework with which to view allergic diseases and anti-allergic 

Figure 1. Potential mechanisms whereby allergen-encoded signals could directly 
activate immature dendritic cells and induce their maturation into a 
Th2‑promoting phenotype (dark cell). Allergen-associated molecules are depicted in 
bold and potential dendritic cell receptors are depicted in italics.
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therapies. Innate immune receptor families and signaling cascades 
initiate and perpetuate allergic inflammation, and understanding 
how existing therapies impact these pathways will provide new 
insights into anti-allergy therapies. By eavesdropping on the cross-
talk between epithelial cells, DCs and lymphocytes, we can gain 
insight into the pathophysiology of allergic diseases and identify 
future strategies for intervention.

Five-year view
The field of ‘allergic innate immunity’ is rapidly growing and 
attracting the interest of many laboratories and research groups. 
It seems probable that new allergen–PRR interactions will be 
uncovered and it may be possible to define an innate immune 
signature specific for different allergic diseases. New therapeutic 
targets should be forthcoming as a result of research into the 
molecular mechanisms of innate immune-receptor signal trans-
duction, and it will be particularly interesting to follow research 
into negative regulation of innate immune receptors. These stud-
ies may uncover endogenous inhibitory compounds or pathways 

that can also be exploited therapeutically. DC-based therapeutics 
in allergic asthma, either based on novel vaccination strategies or 
drug-delivery approaches, are a real possibility in the next 5 years. 
Technical advances in multicolor flow cytometry should facili-
tate the identification of different DC lineages in the lung, and 
may define subsets particularly important in promising sustained 
airway inflammation in asthma. Although fundamental new dis-
coveries will continue to be achieved using mouse models, it will 
be important to remain alert to species-specific differences in 
innate immune-cell lineage and function, and expand human 
translational research in this field.
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Key issues

The compartmentalization of immune responses into innate versus adaptive components was an important advance and provided a •	
new conceptual framework to view allergic diseases.

Dendritic cells (DCs) are key sentinel cells in the lung owing to their ability to sense and respond to diverse environmental cues.•	

Owing to their intimate interactions with T cells, DCs provide a crucial link between exposure to allergens and subsequent adaptive •	
immune responses.

Allergens can activate innate immune cells using different receptors and signaling pathways, and either directly or indirectly influence •	
DC differentiation.

Many allergens, including •	 Dermatophagoides pteronyssinus, activate innate immune cells in a protease-dependent manner, which can 
involve protease-activated receptors or cleavage of cell-surface molecules.

Real-world exposure to allergens will occur in the context of other biologically active components and particles, including Toll-like •	
receptor ligands and ambient air pollution.

Defective epithelial barrier function may predispose susceptible subjects to allergen sensitization through the skin or respiratory tract.•	

Defining the innate immune signaling mechanisms by which allergen exposure predisposes to allergic inflammation will enhance our •	
understanding of the pathophysiology of asthma and should suggest new therapeutic targets.

References
Medzhitov R, Janeway CA Jr. Innate 1	

immunity, impact on the adaptive immune 
response. Curr. Opin. Immunol. 9, 
4–9 (1997).

Medzhitov R. Recognition of 2	

microorganisms and activation of the 
immune response. Nature 449, 
819–826 (2007).

Kawai T, Akira S. TLR signaling. 3	 Semin. 
Immunol. 19, 24–32 (2007).

Trinchieri G, Sher A. Cooperation of 4	

Toll-like receptor signals in innate immune 
defence. Nat. Rev. Immunol. 7, 
179–190 (2007).

Mariathasan S, Monack DM. 5	

Inflammasome adaptors and sensors, 
intracellular regulators of infection and 
inflammation. Nat. Rev. Immunol. 7, 
31–40 (2007).

Ye Z, Ting JP. NLR, the nucleotide-6	

binding domain leucine-rich repeat 
containing gene family. Curr. Opin. 
Immunol. 20, 3–9 (2008).

Bianchi ME. DAMPs, PAMPs and 7	

alarmins, all we need to know about 
danger. J. Leukoc. Biol. 81, 1–5 (2007).

Horner AA. Toll-like receptor ligands and 8	

atopy, a coin with at least two sides. J. Allergy 
Clin. Immunol. 117, 1133–1140 (2006).

Creticos PS, Schroeder JT, Hamilton RG 9	

et al. Immunotherapy with a 
ragweed‑Toll‑like receptor 9 agonist vaccine 
for allergic rhinitis. N. Engl. J. Med. 355, 
1445–1455 (2006).

Ohashi K, Burkart V, Flohe S, Kolb H. 10	

Cutting edge, heat shock protein 60 is a 
putative endogenous ligand of the Toll-like 
receptor-4 complex. J. Immunol. 164, 
558–561 (2000).

Jiang D, Liang J, Fan J, Yu S 11	 et al. 
Regulation of lung injury and repair by 
Toll-like receptors and hyaluronan. Nat. 
Med. 11, 1173–1179 (2005).

Idzko M, Hammad H, van Nimwegen M 12	

et al. Extracellular ATP triggers and 
maintains asthmatic airway inflammation 
by activating dendritic cells. Nat. Med. 13, 
913–919 (2007).

Erlandsson Harris H, Andersson U. 13	

Mini-review: the nuclear protein HMGB1 
as a proinflammatory mediator. Eur. 
J. Immunol. 34, 1503–1512 (2004).

Imai Y, Kuba K, Neely GG 14	 et al. 
Identification of oxidative stress and Toll-like 
receptor 4 signaling as a key pathway of 
acute lung injury. Cell 133, 235–249 (2008).

Kohl J. The role of complement in danger 15	

sensing and transmission. Immunol. Res. 
34, 157–176 (2006).



www.expert-reviews.com 783

ReviewDangerous allergens: innate immunity, dendritic cells & allergic asthma

Martinon F, Petrilli V, Mayor A, 16	

Tardivel A, Tschopp J. Gout-associated uric 
acid crystals activate the NALP3 
inflammasome. Nature 440, 237–241 
(2006).

Fukao T, Koyasu S. PI3K and negative 17	

regulation of TLR signaling. Trends 
Immunol. 24, 358–363 (2003).

Diehl GE, Yue HH, Hsieh K 18	 et al. 
TRAIL-R as a negative regulator of innate 
immune cell responses. Immunity 21, 
877–889 (2004).

Naka T, Fujimoto M, Tsutsui H, 19	

Yoshimura A. Negative regulation of 
cytokine and TLR signalings by SOCS and 
others. Adv. Immunol. 87, 61–122 (2005).

Liew FY, Xu D, Brint EK, O’Neill LA. 20	

Negative regulation of Toll-like receptor-
mediated immune responses. Nat. Rev. 
Immunol. 5, 446–458 (2005).

Whitmore MM, Iparraguirre A, 21	

Kubelka L, Weninger W, Hai T, Williams 
BR. Negative regulation of TLR-signaling 
pathways by activating transcription 
factor-3. J. Immunol. 179, 3622–3630 
(2007).

Kim KD, Zhao J, Auh S 22	 et al. Adaptive 
immune cells temper initial innate 
responses. Nat. Med. 13, 1248–1252 
(2007).

Martinon F, Burns K, Tschopp J. The 23	

inflammasome, a molecular platform 
triggering activation of inflammatory 
caspases and processing of proIL-b. Mol. 
Cell 10, 417–426 (2002).

Arend WP, Palmer G, Gabay C. IL-1, 24	

IL-18, and IL-33 families of cytokines. 
Immunol. Rev. 223, 20–38 (2008).

Li H, Willingham SB, Ting JP, Re F. 25	

Cutting edge, inflammasome activation by 
alum and alum’s adjuvant effect are 
mediated by NLRP3. J. Immunol. 181, 
17–21 (2008).

Ishikawa Y, Yoshimoto T, Nakanishi K. 26	

Contribution of IL-18-induced innate 
T cell activation to airway inflammation 
with mucus hypersecretion and airway 
hyperresponsiveness. Int. Immunol. 18, 
847–855 (2006).

Allakhverdi Z, Smith DE, Comeau MR, 27	

Delespesse G. Cutting edge: the ST2 
ligand IL-33 potently activates and drives 
maturation of human mast cells. 
J. Immunol. 179, 2051–2054 (2007).

Sokol CL, Barton GM, Farr AG, 28	

Medzhitov R. A mechanism for the 
initiation of allergen-induced T helper 
type 2 responses. Nat. Immunol. 9, 
310–318 (2008).

Hammad H, Lambrecht BN. Dendritic 29	

cells and epithelial cells, linking innate and 
adaptive immunity in asthma. Nat. Rev. 
Immunol. 8, 193–204 (2008).

Sung SS, Fu SM, Rose CE Jr, Gaskin F, 30	

Ju ST, Beaty SR. A major lung CD103 
(aE)-b7 integrin-positive epithelial 
dendritic cell population expressing 
Langerin and tight junction proteins. 
J. Immunol. 176, 2161–2172 (2006).

Wu L, Liu YJ. Development of 31	

dendritic‑cell lineages. Immunity 26, 
741–750 (2007).

Villadangos JA, Schnorrer P. Intrinsic and 32	

cooperative antigen-presenting functions of 
dendritic-cell subsets in vivo. Nat. Rev. 
Immunol. 7, 543–555 (2007).

Shortman K, Naik SH. Steady-state and 33	

inflammatory dendritic-cell development. 
Nat. Rev. Immunol. 7, 19–30 (2007).

de Heer HJ, Hammad H, Soullie T 34	 et al. 
Essential role of lung plasmacytoid 
dendritic cells in preventing asthmatic 
reactions to harmless inhaled antigen. 
J. Exp. Med. 200, 89–98 (2004).

Tversky JR, Le TV, Bieneman AP, 35	

Chichester KL, Hamilton RG, 
Schroeder JT. Human blood dendritic cells 
from allergic subjects have impaired 
capacity to produce interferon-a via 
Toll-like receptor 9. Clin. Exp. Allergy 38, 
781–788 (2008).

Schroeder JT, Chichester KL, 36	

Bieneman AP. Toll-like receptor 9 
suppression in plasmacytoid dendritic cells 
after IgE-dependent activation is mediated 
by autocrine TNF-a. J. Allergy Clin. 
Immunol. 121, 486–491 (2008).

van Rijt LS, Jung S, Kleinjan A 37	 et al. 
In vivo depletion of lung CD11c+ 
dendritic cells during allergen challenge 
abrogates the characteristic features of 
asthma. J. Exp. Med. 201, 981–991 
(2005).

Jahnsen FL, Lund-Johansen F, Dunne JF, 38	

Farkas L, Haye R, Brandtzaeg P. 
Experimentally induced recruitment of 
plasmacytoid (CD123high) dendritic cells in 
human nasal allergy. J. Immunol. 165, 
4062–4068 (2000).

Jahnsen FL, Moloney ED, Hogan T, 39	

Upham JW, Burke CM, Holt PG. Rapid 
dendritic cell recruitment to the bronchial 
mucosa of patients with atopic asthma in 
response to local allergen challenge. Thorax 
56, 823–826 (2001).

McCarthy NE, Jones HA, Marks NA 40	

et al. Inhaled allergen-driven CD1c 
up-regulation and enhanced antigen uptake 

by activated human respiratory-tract 
dendritic cells in atopic asthma. Clin. Exp. 
Allergy 37, 72–82 (2007).

Georas SN. Inhaled glucocorticoids, 41	

lymphocytes, and dendritic cells in asthma 
and obstructive lung diseases. Proc. Am. 
Thorac. Soc. 1, 215–221 (2004).

Steinman RM, Nussenzweig MC. Avoiding 42	

horror autotoxicus: the importance of 
dendritic cells in peripheral T cell 
tolerance. Proc. Natl Acad. Sci. USA 99, 
351–358 (2002).

Bonasio R, von Andrian UH. Generation, 43	

migration and function of circulating 
dendritic cells. Curr. Opin. Immunol. 18, 
503–511 (2006).

Kato A, Schleimer RP. Beyond 44	

inflammation, airway epithelial cells are at 
the interface of innate and adaptive 
immunity. Curr. Opin. Immunol. 19, 
711–720 (2007).

Mora JR, von Andrian UH. T-cell homing 45	

specificity and plasticity, new concepts and 
future challenges. Trends Immunol. 27, 
235–243 (2006).

Homey B, Alenius H, Muller A 46	 et al. 
CCL27–CCR10 interactions regulate 
T cell-mediated skin inflammation. Nat. 
Med. 8, 157–165 (2002).

Mora JR, Iwata M, Eksteen B 47	 et al. 
Generation of gut-homing IgA-secreting 
B cells by intestinal dendritic cells. Science 
314, 1157–1160 (2006).

Palmer CN, Irvine AD, 48	

Terron‑Kwiatkowski A et al. Common 
loss-of-function variants of the epidermal 
barrier protein filaggrin are a major 
predisposing factor for atopic dermatitis. 
Nat. Genet. 38, 441–446 (2006).

Howell MD, Kim BE, Gao P 49	 et al. 
Cytokine modulation of atopic dermatitis 
filaggrin skin expression. J. Allergy Clin. 
Immunol. 120, 150–155 (2007).

Holgate ST. Epithelium dysfunction in 50	

asthma. J. Allergy Clin. Immunol. 120, 
1233–1244 (2007).

Kapsenberg M. Tweaking of memory 51	

T helper 2 cells by TSLP. Immunity 24, 
673–675 (2006).

Soumelis V, Reche PA, Kanzler H 52	 et al. 
Human epithelial cells trigger dendritic cell 
mediated allergic inflammation by 
producing TSLP. Nat. Immunol. 3, 
673–680 (2002).

Wang YH, Ito T, Homey B 53	 et al. 
Maintenance and polarization of human 
Th2 central memory T cells by thymic 
stromal lymphopoietin-activated dendritic 
cells. Immunity 24, 827–838 (2006).



Expert Rev. Clin. Immunol. 4(6), (2008)784

Review Georas & Beck

Amsen D, Blander JM, Lee GR, Tanigaki K, 54	

Honjo T, Flavell RA. Instruction of distinct 
CD4 T helper cell fates by different notch 
ligands on antigen-presenting cells. Cell 117, 
515–526 (2004).

Napolitani G, Rinaldi A, Bertoni F, 55	

Sallusto F, Lanzavecchia A. Selected 
Toll-like receptor agonist combinations 
synergistically trigger a T helper 
type 1-polarizing program in dendritic 
cells. Nat. Immunol. 6, 769–776 (2005).

Rutz S, Mordmuller B, Sakano S, Scheffold 56	

A. Notch ligands D-like1, D-like4 and 
Jagged1 differentially regulate activation of 
peripheral T helper cells. Eur. J. Immunol. 
35, 2443–2451 (2005).

Pulendran B, Ahmed R. Translating innate 57	

immunity into immunological memory, 
implications for vaccine development. Cell 
124, 849–863 (2006).

Liu YJ, Soumelis V, Watanabe N 58	 et al. 
TSLP, an epithelial cell cytokine that 
regulates T cell differentiation by 
conditioning dendritic cell maturation. 
Annu. Rev. Immunol. 25, 193–219 (2007).

Bogiatzi SI, Fernandez I, Bichet JC 59	 et al. 
Cutting edge: proinflammatory and Th2 
cytokines synergize to induce thymic 
stromal lymphopoietin production by 
human skin keratinocytes. J. Immunol. 
178, 3373–3377 (2006).

Platts-Mills TA, Vervloet D, Thomas WR, 60	

Aalberse RC, Chapman MD. Indoor 
allergens and asthma, report of the third 
international workshop. J. Allergy Clin. 
Immunol. 100, S2–S24 (1997).

Herbert CA, King CM, Ring PC 61	 et al. 
Augmentation of permeability in the 
bronchial epithelium by the house dust 
mite allergen Der p1. Am. J. Respir. Cell 
Mol. Biol. 12, 369–378 (1995).

Kondo S, Helin H, Shichijo M, Bacon KB. 62	

Cockroach allergen extract stimulates 
protease-activated receptor-2 (PAR-2) 
expressed in mouse lung fibroblast. 
Inflamm. Res. 53, 489–496 (2004).

Chiu LL, Perng DW, Yu CH, Su SN, 63	

Chow LP. Mold allergen, Pen C 13, induces 
IL-8 expression in human airway epithelial 
cells by activating protease-activated 
receptor 1 and 2. J. Immunol. 178, 
5237–5244 (2007).

Dharajiya N, Choudhury BK, Bacsi A, 64	

Boldogh I, Alam R, Sur S. Inhibiting 
pollen reduced nicotinamide adenine 
dinucleotide phosphate oxidase-induced 
signal by intrapulmonary administration of 
antioxidants blocks allergic airway 
inflammation. J. Allergy Clin. Immunol. 
119, 646–653 (2007).

Bacsi A, Choudhury BK, Dharajiya N, 65	

Sur S, Boldogh I. Subpollen particles, 
carriers of allergenic proteins and oxidases. 
J. Allergy Clin. Immunol. 118, 844–850 
(2006).

Boldogh I, Bacsi A, Choudhury BK 66	 et al. 
ROS generated by pollen NADPH oxidase 
provide a signal that augments antigen-
induced allergic airway inflammation. 
J. Clin. Invest. 115, 2169–2179 (2005).

Pichavant M, Charbonnier AS, Taront S 67	

et al. Asthmatic bronchial epithelium 
activated by the proteolytic allergen 
Der p 1 increases selective dendritic cell 
recruitment. J. Allergy Clin. Immunol. 115, 
771–778 (2005).

Georas SN, Berdyshev E, Hubbard W 68	 et al. 
Lysophosphatidic acid is detectable in 
human bronchoalveolar lavage fluids at 
baseline and increased after segmental 
allergen challenge. Clin. Exp. Allergy 37, 
311–322 (2007).

Page K, Lierl KM, Hughes VS, Zhou P, 69	

Ledford JR, Wills-Karp M. TLR2-
mediated activation of neutrophils in 
response to German cockroach frass. 
J. Immunol. 180, 6317–6324 (2008).

Kikuchi Y, Takai T, Kuhara T 70	 et al. 
Crucial commitment of proteolytic activity 
of a purified recombinant major house dust 
mite allergen Der p1 to sensitization toward 
IgE and IgG responses. J. Immunol. 177, 
1609–1617 (2006).

Pollock KG, McNeil KS, Mottram JC 71	

et al. The Leishmania mexicana cysteine 
protease, CPB2.8, induces potent Th2 
responses. J. Immunol. 170, 1746–1753 
(2003).

Kheradmand F, Kiss A, Xu J, Lee SH, 72	

Kolattukudy PE, Corry DB. A protease-
activated pathway underlying Th cell 
type 2 activation and allergic lung disease. 
J. Immunol. 169, 5904–5911 (2002).

Hewitt CR, Brown AP, Hart BJ, Pritchard 73	

DI. A major house dust mite allergen 
disrupts the immunoglobulin E network by 
selectively cleaving CD23: innate 
protection by antiproteases. J. Exp. Med. 
182, 1537–1544 (1995).

Schulz O, Sewell HF, Shakib F. Proteolytic 74	

cleavage of CD25, the a subunit of the 
human T cell interleukin 2 receptor, by 
Der p 1, a major mite allergen with cysteine 
protease activity. J. Exp. Med. 187, 271–275 
(1998).

Ghaemmaghami AM, Gough L, 75	

Sewell HF, Shakib F. The proteolytic 
activity of the major dust mite allergen 
Der p 1 conditions dendritic cells to 
produce less interleukin-12, allergen-

induced Th2 bias determined at the 
dendritic cell level. Clin. Exp. Allergy 32, 
1468–1475 (2002).

Kauffman HF, Tamm M, Timmerman JA, 76	

Borger P. House dust mite major allergens 
Der p 1 and Der p 5 activate human 
airway-derived epithelial cells by 
protease‑dependent and 
protease‑independent mechanisms. Clin. 
Mol. Allergy 4, 5 (2006).

Adam E, Hansen KK, Astudillo 77	

Fernandez O et al. The house dust mite 
allergen Der p 1, unlike Der p 3, stimulates 
the expression of interleukin-8 in human 
airway epithelial cells via a proteinase-
activated receptor-2-independent 
mechanism. J. Biol. Chem. 281, 6910–6923 
(2006).

Sun G, Stacey MA, Schmidt M, Mori L, 78	

Mattoli S. Interaction of mite allergens 
Der p3 and Der p9 with protease-activated 
receptor-2 expressed by lung epithelial cells. 
J. Immunol. 167, 1014–1021 (2001).

Coughlin SR. How the protease thrombin 79	

talks to cells. Proc. Natl Acad. Sci. USA 96, 
11023–11027 (1999).

Reed CE, Kita H. The role of protease 80	

activation of inflammation in allergic 
respiratory diseases. J. Allergy Clin. 
Immunol. 114, 997–1008 (2004).

Asokananthan N, Graham PT, Stewart DJ 81	

et al. House dust mite allergens induce 
proinflammatory cytokines from 
respiratory epithelial cells, the cysteine 
protease allergen, Der p 1, activates 
protease-activated receptor (PAR)-2 and 
inactivates PAR-1. J. Immunol. 169, 
4572–4578 (2002).

Henry PJ. The protease-activated receptor2 82	

(PAR2)-prostaglandin E2-prostanoid EP 
receptor axis, a potential bronchoprotective 
unit in the respiratory tract? Eur. 
J. Pharmacol. 533, 156–170 (2006).

Knight DA, Lim S, Scaffidi AK 83	

et al. Protease-activated receptors in human 
airways, upregulation of PAR-2 in 
respiratory epithelium from patients with 
asthma. J. Allergy Clin. Immunol. 108, 
797–803 (2001).

Schmidlin F, Amadesi S, Dabbagh K 84	 et al. 
Protease-activated receptor 2 mediates 
eosinophil infiltration and hyperreactivity 
in allergic inflammation of the airway. 
J. Immunol. 169, 5315–5321 (2002).

Shichijo M, Kondo S, Ishimori M 85	 et al. 
PAR-2 deficient CD4+ T cells exhibit 
downregulation of IL-4 and upregulation 
of IFN-g after antigen challenge in mice. 
Allergol. Int. 55, 271–278 (2006).



www.expert-reviews.com 785

ReviewDangerous allergens: innate immunity, dendritic cells & allergic asthma

Fields RC, Schoenecker JG, Hart JP, 86	

Hoffman MR, Pizzo SV, Lawson JH. 
Protease-activated receptor-2 signaling 
triggers dendritic cell development. 
Am. J. Pathol. 162, 1817–1822 (2003).

Traidl-Hoffmann C, Mariani V, 87	

Hochrein H et al. Pollen-associated 
phytoprostanes inhibit dendritic cell 
interleukin-12 production and augment 
T helper type 2 cell polarization. J. Exp. 
Med. 201, 627–636 (2005).

Shreffler WG, Castro RR, Kucuk ZY 88	 et al. 
The major glycoprotein allergen from 
Arachis hypogaea, Ara h 1, is a ligand of 
dendritic cell-specific ICAM-grabbing 
nonintegrin and acts as a Th2 adjuvant 
in vitro. J. Immunol. 177, 3677–3685 
(2006).

Becker S, Dailey L, Soukup JM, 89	

Silbajoris R, Devlin RB. TLR-2 is involved 
in airway epithelial cell response to air 
pollution particles. Toxicol. Appl. 
Pharmacol. 203, 45–52 (2005).

Eisenbarth SC, Piggott DA, Huleatt JW, 90	

Visintin I, Herrick CA, Bottomly K. 
Lipopolysaccharide-enhanced, Toll-like 
receptor 4-dependent T helper cell type 2 
responses to inhaled antigen. J. Exp. Med. 
196, 1645–1651 (2002).

Diaz-Sanchez D, Tsien A, Casillas A, 91	

Dotson AR, Saxon A. Enhanced nasal 
cytokine production in human beings after 
in vivo challenge with diesel exhaust 
particles. J. Allergy Clin. Immunol. 98, 
114–123 (1996).

Porter M, Karp M, Killedar S 92	 et al. 
Diesel-enriched particulate matter 
functionally activates human dendritic 
cells. Am. J. Respir. Cell Mol. Biol. 37, 
706–719 (2007).

Williams MA, Porter M, Horton M 93	 et al. 
Ambient particulate matter directs 
nonclassic dendritic cell activation and a 
mixed Th1/Th2-like cytokine response by 
naive CD4+ T cells. J. Allergy Clin. 
Immunol. 119, 488–497 (2007).

Affiliations
Steve N Georas, MD •	
Professor of Medicine and Environmental 
Medicine, Director of the Division of 
Pulmonary and Critical Care Medicine, 
University of Rochester Medical Center, 
601 Elmwood Avenue, Box 692, Rochester, 
NY 14642-8692, USA 
Tel.: +1 585 275 4861 
Fax: +1 585 273 1058 
steve_georas@urmc.rochester.edu

Lisa Beck •	
Professor of Dermatology, 
University of Rochester Medical Center, 
601 Elmwood Avenue, Box 692, Rochester, 
NY 14642‑8692, USA




