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Abstract: Psoriasis is a complex disease triggered by genetic, immunologic, and environmental stimuli. Many genes have been linked
to psoriasis, like the psoriasis susceptibility genes, some of which are critical in keratinocyte biology and epidermal barrier function.
Still, the exact pathogenesis of psoriasis is unknown. In the disease, the balance between the proliferative and differentiative processes
of keratinocytes becomes altered. Multiple studies have highlighted the role of dysregulated immune cells in provoking the
inflammatory responses seen in psoriasis. In addition to immune cells, accumulating evidence shows that keratinocytes are involved
in psoriasis pathogenesis, as discussed in this review. Although certain immune cell-derived factors stimulate keratinocyte hyperpro-
liferation, activated keratinocytes can also produce anti-microbial peptides, cytokines, and chemokines that can promote their
proliferation, as well as recruit immune cells to help initiate and reinforce inflammatory feedback loops. Psoriatic keratinocytes also
show intrinsic differences from normal keratinocytes even after removal from the in vivo inflammatory environment; thus, psoriatic
keratinocytes have been found to exhibit abnormal calcium metabolism and possible epigenetic changes that contribute to psoriasis.
The Koebner phenomenon, in which injury promotes the development of psoriatic lesions, also provides evidence for keratinocytes’
contributions to disease pathogenesis. Furthermore, transgenic mouse studies have confirmed the importance of keratinocytes in the
etiology of psoriasis. Finally, in addition to immune cells and keratinocytes, data in the literature support roles for other cell types,
tissues, and systems in psoriasis development. These other contributors are all potential targets for therapies, suggesting the importance
of a holistic approach when treating psoriasis.
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Introduction
The skin serves as a crucial barrier between the interior of an organism and the external environment. This largest organ
of the body mediates various functions ranging from protection against chemical, biological and physical insults, to
regulation of water loss and the entrance of solutes. The skin’s unique architecture and cell arrangement greatly influence
its selective permeability as well as the homeostasis of the tissue. Skin is subdivided into three principal layers: the
epidermis, dermis and hypodermis (Figure 1). The epidermis contains primarily keratinocytes, but also melanocytes
(pigment cells), Langerhans cells (immune cells) and Merkel cells (sensory cells), whereas the dermis and hypodermis
are comprised primarily of connective tissue and adipose tissue, respectively. The epidermis is further subdivided into
layers called “strata”. These strata are denominated, from superficial to deep, as follows: stratum corneum, stratum
lucidum (present only in thick skin, such as on the palms and soles), stratum granulosum, stratum spinosum, and stratum
basale, also known as the cornified, clear, granular, spinous and basal layers, respectively (Figure 1). As noted, each cell
layer in the epidermis is composed mostly of keratinocytes. The basal layer, composed of cuboidal-shaped basal
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keratinocytes attached to a basement membrane, possesses progenitor cells that continually undergo mitosis. Through this
mechanism, new strata form; specific gene/protein markers indicate the stratum that the cells occupy and their
differentiation status.1 As they proliferate, keratinocytes ascend through the epidermis, expressing the various differ-
entiation genes/proteins until they are eventually shed into the environment as corneocytes, dead cells that have
undergone programmed cell death and lost their organelles. These corneocytes constitute the “bricks” of a brick-and-
mortar structure that allows the epidermis to function as a mechanical and water permeability barrier. The “mortar” is
composed of lipids contained in lamellar bodies that are released from keratinocytes in the granular layer; the lipids are
then processed in the stratum corneum to form a layer that inhibits water loss through the skin (reviewed in2).

The homeostasis of these proliferative and differentiative processes can become altered in skin pathologies such as psoriasis,
a common inflammatory skin disorder estimated to occur in about 2–3% of the population worldwide.3 In terms of its etiology,
psoriasis is a complex disease triggered by multiple factors, such as genetic, immunologic and environmental parameters, and its
exact cause is still an unresolved issue (reviewed in4–6). Psoriasis patients characteristically develop thickening of the epidermis
(acanthosis), in large part due to the accelerated proliferation and poor differentiation of keratinocytes. Indeed, psoriatic
keratinocytes can ascend through the epidermis in only 4 to 5 days,7 whereas in healthy individuals, a complete epidermal
replacement requires approximately a month (37 days).8 The formation of the red plaques and silvery-white, dry and scaly
psoriatic lesions are the result of the inflammatory response as well as the erratic differentiation and proliferation of keratinocytes.
In addition, there is an abnormal shedding cycle of the epidermis, with consequent accumulation of skin cells, especially at the
extensor surfaces, causing a burning and stinging sensation often accompanied by pruritus.9 In addition, improper maturation of
the keratinocytes can lead to a dysfunctional epidermal barrier, which can trigger inflammation.10,11

As noted above, the pathogenesis of psoriasis is not yet completely understood. Until the 1970s, psoriasis was
considered primarily a disease of keratinocyte dysfunction.12 However, significant evidence has accumulated throughout
the years suggesting that the etiology of this disease may involve inflammatory responses brought about by dysregulated
immune cells from skin-associated lymphoid tissue; that is, the innate and adaptive immune systems exhibit
a pathological interaction with the dermis and epidermis. Thus, psoriasis is considered an immune-mediated
condition13 and perhaps even an autoimmune disease (e.g.,14,15). Triggers may vary by patient, including stressful
events, physical trauma, streptococcal infections and some medications, although there is also a significant genetic
component (reviewed in16,17). Ultimately, these can provoke an atypical immune response in keratinocytes.18 Affected
keratinocytes proceed to release LL37 peptide, the carboxy terminus of the anti-microbial peptide cathelicidin. This

Figure 1 The structure of the skin and the epidermis. Shown on the left is a schematic of normal human skin illustrating the three skin layers: the upper epidermis, the
middle dermis, and the lower hypodermis. The schematic on the right is an amplified schematic of the epidermis showing the various strata/layers of the epidermis and some
of the protein markers expressed in each stratum. The uppermost epidermal layer is the cornified layer (stratum corneum) consisting of essentially dead cells that help to
provide a barrier function, followed by the granular layer (stratum granulosum) expressing filaggrin. The next deeper layer is the spinous layer (stratum spinosum) expressing
involucrin more superficially as well as keratin (K)-1 (K1) and K10 more deeply, followed by the lowermost basal layer (stratum basale) expressing K5 and K14. Note that
this schematic does not show the stratum lucidum or clear layer, which lies between the stratum corneum and stratum granulosum only in the thick skin of the palms and
feet. Created using Biorender.com.
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peptide forms a complex with nucleic acids that can activate plasmacytoid dendritic cells (pDCs). These pDCs can then
produce interferon (IFN)-α and IFN-β, activating myeloid dendritic cells (DC).19 Myeloid DC activation results in the
production and release of critical cytokines like interleukin (IL)-12 and IL-23. These pro-inflammatory cytokines are
found to be elevated in lesional psoriatic plaques. In addition, LL37 complexes can activate and up-regulate the innate
immune system-stimulating toll-like receptor-9 (TLR9) in keratinocytes to further promote the production of pro-
inflammatory mediators.15 Furthermore, IL-12 leads to the differentiation of naïve T cells to T helper type 1 (Th1)
cells that produce IFN-γ. At the same time, IL-23 is important for the ongoing stimulation of Th17 cells that produce IL-
17A and F.20 Finally, for some of these T cells, LL37 appears to serve as an autoantigen: Lande et al14 detected the
presence of autoantibodies to this peptide in roughly two-thirds of psoriasis patients with moderate-to-severe diseases.
These authors found that both IFN-γ- and IL-17-producing T cells recognize LL37.14

Although immune cells are clearly critically important for psoriasis pathogenesis and in some patients may instigate
the disease, data in the literature also support the involvement of keratinocytes in disease initiation and maintenance, and
in fact, there seems to be crosstalk between these cells and cells of the innate and adaptive immune system. Thus,
activated keratinocytes produce cytokines and chemokines that recruit and activate immune cells, which in turn produce
cytokines that activate keratinocytes and promote their hyperproliferation. The result of this crosstalk is that in the
chronic form of the disease, mature dermal dendritic cells produce IL-12 and IL-23, activating Th17, Th1, and Th22
cells. These T cells stimulate the proliferation of keratinocytes via the production of TNF-α and IL-17, IFN-γ, and IL-22,
respectively.7 In addition, the IFN-γ made by Th1 cells supports the recruitment of more Th1 cells and magnifies the
stimulation of keratinocytes. IL-17 facilitates neutrophil migration into the skin and stimulates keratinocytes to produce
anti-microbial peptides.21 Additionally, keratinocyte hyperproliferation, a hallmark of psoriasis, is promoted by the IL-22
secreted by Th22 cells. Also, the pro-inflammatory role of TNF-α involves its activation of macrophages and DCs in the
skin, as well as recruitment of additional inflammatory cells into the tissue.22 Indeed, the importance of TNF-α in
psoriasis is highlighted by the ability of anti-TNF-α drugs to successfully treat the disease.23 Lastly, keratinocytes
contribute to the progression of psoriasis through the release of chemokines and anti-microbial peptides, which can
activate the innate immune system.24 This series of events amplifies the immune feedback loop that increases the severity
and complexity of psoriasis.7,25 In other words, the cytokines, chemokines and anti-microbial peptides produced by
keratinocytes are indispensable for the inflammatory process in psoriasis since they reinforce the continuous attraction
and activation of leukocytes. Thus, although psoriasis seems to be immune-mediated, keratinocytes likely play a critical
role in the initiation and maintenance of psoriasis. Below we summarize the data that suggest the involvement of
keratinocytes in the disease process.

Psoriasis Susceptibility Genes and the Importance of the Epidermal
Barrier
As noted above, there is a distinct genetic predisposition for psoriasis.16,17 Genome-wide association, linkage and other
genetic studies in humans have identified several genes with mutations/variants that are associated with psoriasis
(reviewed in16,26). The gene first identified to be linked to psoriasis is psoriasis susceptibility-1 (PSORS1), identified
as the gene encoding the human leukocyte antigen (HLA)-C major histocompatibility complex in humans, for which the
HLA-Cw6 variant is especially associated with the disease (reviewed in17,27). This association between HLA-C and
psoriasis suggests the importance of the immune system in the disease, although it should be noted that keratinocytes can
also express HLA and act as antigen-presenting cells (reviewed in28,29). Additional immune-related PSORS genes have
since been identified including PSORS316 (with a likely candidate gene identified as IRF2, encoding interferon regulatory
factor-2), whereas some of these genes, such as the PSORS2 locus thought to be CARD14, play significant roles in
keratinocyte biology.17 Indeed, PSORS4 has been localized to the epidermal differentiation complex (EDC), which
encodes a number of genes, such as the late cornified envelope (LCE) genes LCE3B and LCE3C, involved in
keratinocyte differentiation and formation of the epidermal barrier.16,17 A genome-wide search for copy number variants
identified deletion of the LCE3B and LCE3C genes in psoriatic plaques; these variants have been associated with an
increased risk of psoriasis.30 Expression of these LCE3 genes was reportedly low in normal skin; however, disruption of
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the skin barrier using tape stripping resulted in marked upregulation of their expression.30 Disruption of the barrier
function of the skin is thought to be involved in the development of inflammatory skin diseases (reviewed in31), including
psoriasis.11 Thus, barrier disruption is known to induce inflammation/inflammatory mediator production,11 and psoriasis
is characterized by an impaired barrier (reviewed in9). Furthermore, psychological stress has been found to impair the
barrier, and psoriasis can be initiated or exacerbated by such stress.32 These results suggest a link between the epidermal
permeability functions mediated by keratinocytes and the inflammatory processes characterizing psoriasis (and other
inflammatory skin diseases; reviewed in33). Overall, more than 60 genes have been identified that are linked to psoriasis
susceptibility (reviewed in16,17).

In addition to the involvement of cornified envelope proteins, such as the LCE family members mentioned above, in
the formation of the water permeability barrier, lipids also play a critical role. For example, the importance of ceramides
and acylceramides to the barrier is shown by the phenotype of mice that are genetically engineered to lack the gene
encoding FATP4. FATP4 is an acyl-CoA synthetase that converts fatty acids to acyl-CoAs that can be used to synthesize,
for instance, acylceramides; defects in this enzyme have been linked to ichthyosis prematurity syndrome. Yamamoto
et al34 found that FATP4 knockout mice show reduced levels of several acylceramides and an impaired barrier that results
in enhanced dye penetration and elevated trans-epidermal water loss (TEWL). In fact, these mice exhibit perinatal
lethality from dehydration. Similar perinatal lethality has been observed in ELOVL4 knockout mice, also because of an
impaired barrier and dehydration.35 ELOVL4 is a fatty acid elongase that synthesizes very-long chain fatty acids.
Together, these results indicate the importance of lipids in the formation of the epidermal permeability barrier.

Additional evidence links ceramides to psoriasis as well (reviewed in36). For example, a recent study by Luczaj et al37

used lipidomics to examine lipid profiles in keratinocytes isolated from psoriatic skin lesions versus healthy skin
(although changes in very long chain fatty acids were not investigated). These authors found by principal component
analysis that the lipid profile could distinguish between the psoriatic and healthy keratinocytes. Differences between
psoriatic and healthy keratinocytes were found in several ceramide species, with some ceramides increased and others
decreased in keratinocytes from psoriatic lesions.37 These data suggest that changes in lipids may underlie the pathology
of psoriasis as well. Another group examined differences in glycerophospholipid profiles between psoriatic and normal
skin and demonstrated significant alterations in 17 glycerophospholipids, including phosphatidylcholine, phosphatidic
acid, phosphatidylinositol and lysophosphatidylcholine.38 Thus, lipids derived from keratinocytes play an important role
in barrier homeostasis and appear to be altered in psoriasis, suggesting another way in which keratinocytes may
contribute to the disease.

Differences between psoriatic and normal keratinocytes
It is clear that keratinocytes in patients with psoriasis exhibit hyperproliferation and abnormal differentiation, but whether
these effects result entirely from the production of keratinocyte-activating signals from the immune system or whether there
are intrinsic differences between psoriatic and normal keratinocytes has been unclear. However, accumulating evidence
suggests that keratinocytes derived from psoriatic epidermis demonstrate differences that persist for some time in the absence
of the inflammatory milieu in the patient. For example, keratinocytes differentiated from induced pluripotent stem cells
(iPSCs) show different genetic profiles when derived from normal individuals versus those with psoriasis.39 Thus, iPSCs were
generated from the peripheral blood mononuclear cells of controls versus psoriatic patients over more than 3 weeks. These
iPSCs were then differentiated into keratinocytes over the course of another 2 to 4 weeks, and their gene expression profiles
compared. iPSC-derived keratinocytes from patients with psoriasis demonstrated a large number of differentially expressed
genes in comparison to those from controls, and many of the observed changes were similar to those found in freshly obtained
psoriasis skin lesions.39 In addition, keratinocytes derived from psoriatic iPSCs showed enhanced proliferation, even almost 2
months removed from the inflammatory psoriasis environment.39 Although there are concerns about the small number of
donors used to create the iPSCs, as well as the imperfect matching of the individuals with psoriasis and the control subjects,
this study suggests the possibility that there are genetic differences or perhaps epigenetic changes that persist even once the
keratinocyte is removed from the in vivo inflammatory milieu. Indeed, there is emerging interest in the role of epigenetics in
various physiological and pathophysiological processes. Epigenetics refers to heritable mechanisms that can alter gene
expression without modification of the genetic code (i.e., the DNA sequence) itself. Such mechanisms include DNA
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methylation, histonemodifications (methylation and acetylation) and non-coding RNAs, and there is increasing evidence of an
important role of these processes in normal skin biology and pathologies such as psoriasis (reviewed in40,41), as discussed
below.

Calcium metabolism has also been found to be abnormal in psoriatic keratinocytes and in psoriatic skin. The extracellular
calcium concentration is known to regulate keratinocyte growth and differentiation, with low calcium concentrations
supporting continued keratinocyte proliferation and elevated levels promoting differentiation in vitro (reviewed in42). This
effect of calcium is thought to be physiologically relevant, as a calcium gradient has been reported in the epidermis, also with
lower levels in the proliferating basal layer that increase in the differentiating spinous and granular layers.43 This calcium
gradient has been found to be dysregulated in psoriasis.44 The effect of calcium appears to be mediated through the calcium-
sensing receptor, a G protein-coupled receptor for which calcium acts as a ligand to induce phosphoinositide turnover,
resulting in keratinocyte differentiation (45,46 and reviewed in 47,48) Consistent with a role for altered keratinocyte calcium
metabolism in psoriasis, the calcium-sensing receptor has been found to be a psoriasis susceptibility gene in some patient
populations.16 In addition, cultured psoriatic keratinocytes exhibit abnormal calcium homeostasis despite being removed
from their inflammatory environment for at least 5 passages: thus, these cells show decreased capacitative calcium influx and
an increased cytosolic calcium response to ATP.49 A more recent study has shown downregulation of all transient receptor
potential canonical (TRPC) channels (and reduced calcium influx) in psoriatic keratinocytes compared to normal keratino-
cytes ex vivo, as well as decreased immunoreactivity in psoriasis skin samples.50

Another way in which keratinocytes may initiate the development of psoriasis is through their production of anti-
microbial peptides. Several anti-microbial peptides are known to be danger/damage-associated molecular patterns
(DAMPs) capable of activating pattern recognition receptors, in particular toll-like receptors (TLRs), of the innate
immune system (reviewed in51). TLR2 activation by the anti-microbial peptide, S100A9, has been shown to result in the
induction of inflammatory mediator expression in both keratinocytes and a macrophage cell line.52 The β-defensins are
also reported to be DAMPs (52 and reviewed in 51) providing a potential mechanism whereby excessive anti-microbial
peptide production by keratinocytes could result in increased pro-inflammatory molecule release to recruit immune cells
into the skin. Further, these anti-microbial peptides are elevated in patients with psoriasis (reviewed in53): for instance,
S100A proteins are consistently upregulated in psoriatic skin and improve (decrease) with effective treatment;54–56 in
addition, several cytokines that are elevated in psoriasis also induce the expression of S100 proteins.56–58 In various
animal models of psoriasis, the anti-microbial peptides are also consistently elevated.54–57,59,60 β-Defensin-2 has also
been reported to serve as a serum biomarker for psoriatic disease activity,61 and indeed, the levels of several anti-
microbial peptides decrease with successful treatment.55,61,62 Finally, as discussed previously, LL37/cathelicidin can bind
the DNA released by damaged skin cells to upregulate TLR9,15 and LL37 is recognized by autoantibodies in some
patients with psoriasis.14 Therefore, it seems likely that the activation of keratinocyte TLRs by DAMPs, such as the S100
proteins and cathelicidin/LL37, may increase the production of cytokines/chemokines, which then recruit and activate the
immune system to establish a cycle of continued inflammation, immune activation and keratinocyte stimulation.

Furthermore, there is evidence that the expression of certain of these anti-microbial peptides may be dysregulated in
psoriasis, often at the epigenetic level. For instance, the S100A9 gene was found to be hypomethylated in psoriasis (63,64 and
reviewed in 6); this resulted in S100A9 expression correlating inversely with gene methylation,64 since DNA methylation
results in repression. Other S100A proteins have also been reported to exhibit differential expression and epigenetic
modification in psoriasis (e.g.,63,65 and reviewed in 41). Other genes have been found to be down-regulated epigenetically,
with genes such as CARD14 showing hypomethylation.64 Furthermore, in the case of the β-defensins, higher genomic copy
number has been associated with a greater risk of psoriasis.16,66 These results suggest that epigenetic changes leading to up-
regulation of anti-microbial peptides, and perhaps other gene products, could contribute to the inflammatory processes
observed in psoriasis. Thus, the capacity for excessive production of anti-microbial peptides may be another way in which
psoriatic keratinocytes initiate and/or maintain the disease process. Intrinsic differences between psoriatic and normal
keratinocytes, such as reduced TRPC channel function and capacitative calcium influx, increased cytosolic calcium
responses to ATP and expression of S100A proteins due to gene hypomethylation, are summarized in Figure 2.
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Keratinocytes and the Koebner Phenomenon
The well-known Koebner phenomenon also suggests a likely role of keratinocytes in psoriasis. The Koebner phenomenon
refers to the fact that injury of the skin in individuals predisposed to psoriasis often results in the development of a psoriatic
plaque at the site of damage.67 This phenomenon may also explain the propensity for plaques to develop on the knees and
elbows, which are sites of mechanical stress,68 in patients with psoriasis. Injured or stressed keratinocytes can release a number
of factors that may help to promote inflammation and initiate the development of psoriasis. For example, it was recently shown
that mechanical stress can induce the release of ATP from keratinocytes,69 and in fact, purinergic signaling has been suggested
to play a role in psoriasis pathogenesis (reviewed in70). Injury can also trigger keratinocytes to release innate immune-system
activating cytokines and chemokines, including CCL-20, IL-8, TNF-α and others (71 and reviewed in 29). This phenomenon
may also relate to a recently discovered ability of epidermal stem cells to “remember” previous inflammatory insults.72 The
mechanism was shown to involve a persistent association of particular transcription factors with certain genomic loci even
after inflammation resolution, thereby maintaining these loci in an easily activated state, such that subsequent stimuli rapidly
induce the expression of these, often pro-inflammatory, genes.72

Figure 2 The structure of psoriatic skin with intrinsic differences between psoriatic and normal keratinocytes highlighted. On top is shown a schematic of psoriatic skin illustrating
the scaly stratum corneum and the overall thickened epidermis, including elongated papillae and rete ridges with dilated capillaries in the dermis, as well as the immune cell
infiltration and inflammation. In the inset, a keratinocyte from the basal layer of the epidermis is enlarged to illustrate intrinsic differences observed in psoriatic versus normal
keratinocytes. The changes in psoriatic keratinocytes are indicated by the red arrows and include: abnormal calcium metabolism via decreased capacitative calcium influx [for
example, decreased transient receptor potential canonical (TRPC) channel levels] and an increased cytosolic calcium response to ATP, as well as enhanced secretion of anti-
microbial peptides, apparently upregulated at least in part as a result of epigenetic changes (e.g., hypomethylation of the S100A9 gene). All of these alterations in psoriatic
keratinocytes amplify the inflammatory immune feedback loop that initiates and sustains chronic inflammation in psoriasis. Created using Biorender.com.
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Transgenic mouse models suggesting keratinocyte involvement in
psoriasiform skin lesion development
Technological advancements allowing genetic manipulation of animal models, and in particular the Cre-loxP technology,
allowing tissue-specific deletion or over-expression of certain genes in mice, have resulted in the ability to generate novel
mouse models of many diseases, including psoriasis. There are numerous such psoriasis models with features that both
mimic the human psoriatic phenotype and those that do not, as has been elegantly and extensively reviewed
previously.73–76 Several of these psoriasis models overexpress a particular gene in keratinocytes, usually under the
control of keratinocyte-specific gene promoters, such as those for keratins 5 and 14 (expressed in the basal layer),
keratins 1 and 10 (expressed in the spinous layer) or involucrin (expressed in the upper spinous/granular layer). For
example, keratinocyte-specific overexpression of amphiregulin, a ligand of the epidermal growth factor receptor that is
critically important in skin development (reviewed in40), has been shown to result in hyperproliferation and thickening of
the epidermis, immune cell infiltration and even joint changes reminiscent of psoriatic arthritis.77 The overexpression of
latent transforming growth factor-β1 targeted to keratinocytes with the keratin 5 promoter also promotes a skin phenotype
resembling psoriasis.73 Nevertheless, there are limitations to models such as these. First, as the etiology of psoriasis in
humans is not completely understood, the applicability of such mouse models to human psoriasis is sometimes
questioned, especially since many of the models do not entirely recapitulate the phenotype observed in psoriasis;73 for
this reason, the skin lesions in these models are referred to as psoriasiform, i.e., psoriasis-like. In addition, for the
overexpression or knockout of a gene for which the product is secreted, like amphiregulin, the phenotype cannot
necessarily be ascribed to a particular cell type, since the secreted protein may diffuse locally or even possibly enter
the systemic circulation, thereby potentially affecting multiple cell types.

Transgenic mice with autonomous keratinocyte-specific modification of
gene expression
On the other hand, genetically manipulated mouse models in which, for instance, a transcription factor or signaling
enzyme/effector is overexpressed or deleted only in keratinocytes can provide strong evidence for the role of these
proteins expressed in keratinocytes in the resultant psoriasiform phenotype (see Table 1). As an example, a transgenic
mouse model was generated in which the AP-1 transcription factors c-jun and junB were deleted specifically in epidermal
keratinocytes in a tamoxifen-inducible manner, using Cre recombinase driven by the keratin 5 promoter coupled to
a mutant ttamoxifen-activatable estrogen receptor.78 These mice exhibit psoriasiform lesions as well as a psoriatic
arthritis-like phenotype, and the skin lesions precede T cell recruitment.79 Interestingly, crossing these mice with Rag2
knockout mice so that they lack functional T and B cells resolves the arthritis, but a milder psoriasiform disease
persists.78 These results argue for an important role of keratinocytes in the disease process. Similar results were observed
with keratinocyte-specific overexpression of constitutively active signal transducer and activator of transcription-3 (Stat-
3), which results in the development of psoriasiform skin lesions, either spontaneously or in response to wounding.80

Transgenic keratinocyte-specific expression of Tie-2, a receptor for pro-angiogenic angiopoietins, also promotes the
development of skin lesions resembling psoriasis.81 The tissue specificity of the expression of these genes in transgenic
mice suggests an important role for keratinocytes in the resultant psoriasis-like phenotype.

The Imiquimod Mouse Model of Psoriasis
One mouse model of psoriasis that has proven quite useful for examining the involvement of different cell types in the
development of skin lesions is that generated by topical imiquimod application.82 Imiquimod is an activator of pattern
recognition receptors of the innate immune system, in particular toll-like receptor-7/8 (TLR7/8).83,84 Application of
imiquimod to the shaved flank skin and/or ear of mice results in psoriasiform skin lesions that are at least partially
dependent on cytokines, such as IL-17, which are key components of human psoriasis.82 Indeed, this medication is
known to induce psoriasis in some susceptible individuals upon treatment of certain skin conditions, such as actinic
keratosis, with imiquimod.82 Furthermore, the genetic changes in the skin elicited by imiquimod mimic to a large extent
those observed in psoriatic lesions, particularly in mice of the C57BL/6 background,85 onto which many transgenic
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mouse models are bred. Therefore, imiquimod can be applied to transgenic mice, including cell/tissue-specific knockout
or overexpressing mouse lines (either induced or constitutive), and their wild-type controls to determine the effect of
a genetic manipulation in a particular cell type on the psoriasiform skin phenotype. However, it should be noted that,
although the imiquimod is topically applied in this model, oral uptake through grooming is necessary for the complete
development of the model. Thus, if the mice are prevented from ingesting imiquimod using Elizabethan collars, the
developed skin lesions are less severe.86 This result suggests that systemic exposure to imiquimod is necessary for
a maximal psoriasiform phenotype.

Using this model, there are multiple examples of knockout mouse models for which keratinocyte-specific deletion of
a gene results in a modulation of the skin lesions developed in response to imiquimod. For instance, Wang et al87

Table 1 Examples of the Role of Keratinocyte-Specific Gene Deletion or Autonomous Keratinocyte-Specific Overexpression in the
Psoriasiform Phenotype Either with or Without Treatment with Imiquimod†

Overexpressed or Deleted
Gene

Gene Function Cre/Cre-ER
Promoter

Effect on Skin Reference
Number

Atg5 Autophagy Keratin 14 Improvement of IMQ

Lesions

[87]

Cyp11b1 Glucocorticoid-synthesizing

enzyme

Keratin 14 (ER) Exacerbation of IMQ

lesions

[117]

Flt-1 VEGF receptor Keratin 14 Improvement of IMQ
Lesions

[110]

Flt-1/Nrp1 (double KO) VEGF receptors Keratin 14 Improvement of IMQ
Lesions

[110]

Hmgb1 DAMP Keratin 14 Improvement of IMQ
Lesions

[87]

IL6R Cytokine receptor Keratin 14 Improvement of IMQ
lesions

[3]

IL17RA Cytokine receptor Keratin 14 Improvement of IMQ
lesions

[89]

JunB/c-jun (double KO) Transcription factors Keratin 5 (ER) Development of lesions [78]

Nrp1 VEGF receptor Keratin 14 Improvement of IMQ

lesions

[110]

Otulin Deubiquitinase Keratin 14 Development of lesions [118]

Otulin/Tnfr1 (double KO) Deubiquitinase/ Cytokine

receptor

Keratin 14 No development of

lesions

[118]

Stat-3 Transcription factor Keratin 5 (ER) Improvement of IMQ

lesions

[3]

Stat-3 (OE of constitutively

active)

Transcription factor Keratin 5 (ER) Development of lesions [80]

Tie2 (OE) Angiopoietin receptor Keratin 5 (tTA) Development of lesions [81]

Tnip1 Inhibitor of NF-κB Keratin 14 Exacerbation of IMQ
lesions

[88]

Note: †The authors note that this table is not comprehensive and apologize for any and all oversights.
Abbreviations: DAMP, danger- or damage-associated molecular pattern; ER, tamoxifen-inducible mutant estrogen receptor; IMQ, imiquimod; KO, knockout; NF-κB,
nuclear factor kappa-light-chain-enhancer of activated B cells; OE, overexpression; tTA, tetracycline-controlled transactivator.
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generated a keratinocyte-specific (driven by the keratin 14 promoter) knockout of the gene encoding Atg5, which is
important for autophagy. Loss of the Atg5 gene leads to amelioration of skin lesions and reduced epidermal thickening
upon treatment with imiquimod.87 This beneficial effect of Atg5 loss appears to be at least in part due to decreased
autosecretion of the DAMP high mobility group, box 1 (Hmgb1) from the knockout keratinocytes; indeed, creation of
a keratinocyte-specific knockout of Hmgb1 also improves the imiquimod-induced skin phenotype.87 On the other hand,
keratinocyte-specific knockout of the Tnip1 gene, which encodes a protein that regulates inflammatory signaling and has
been linked to psoriasis, exacerbates imiquimod-induced skin lesion formation and epidermal thickening.88 These few
examples (and others summarized in Table 1) do not by any means represent an exhaustive list of the mouse models that
have been investigated using this model, especially since new such models are being identified constantly, but instead
provide evidence of the importance of keratinocytes in the psoriasis-like phenotype produced by treatment of mice with
imiquimod.

In some cases, the imiquimod model has been used to examine the importance of various cell types in skin lesion
development using mouse models in which a gene was deleted specifically in different cell types. For example,
tamoxifen-induced deletion of the gene encoding Stat-3 specifically in keratinocytes (under the control of the keratin 5
promoter) resulted in reduced inflammation compared to wild-type animals upon their treatment with imiquimod.3 In
contrast, transgenic mouse models in which Stat-3 was knocked out in T cells by Cre recombinase under the control of
two different T cell-specific promoters (Lck and Tcrδ) showed no decrease in imiquimod-induced inflammation, arguing
that the key cell type in terms of promoting imiquimod-induced inflammation and ear and epidermal thickness is the
keratinocyte. The overexpression of constitutively active Stat-3 under the control of the keratin 14 promoter had the
opposite effect on the imiquimod-induced phenotype.3 Likewise, keratinocyte-specific ablation of the receptor for IL-6
(under the control of the keratin 14 promoter) resulted in a lesser imiquimod-elicited increase in inflammation and ear
thickness,3 again suggesting a likely important role for keratinocytes in psoriasis. Furthermore, these results also argue
that certain medications thought to target components of the immune system, such as certain cytokines, may also affect
non-immune cells like keratinocytes.

Effects on Keratinocytes May Underlie Cytokine Involvement in Psoriasis
The idea that biologics targeting cytokines may function through effects on keratinocytes in addition to immune cells is
supported by studies in which certain cytokine receptors are ablated in keratinocytes. As mentioned above, keratinocyte-
specific knockout of the IL-6 receptor inhibits the imiquimod-induced skin phenotype.3 Similarly, mice lacking
keratinocyte expression of IL-17 receptor A (IL-17RA, deleted using Cre driven by the keratin 14 promoter) also exhibit
a blunted psoriasiform phenotype in response to imiquimod comparable to the response observed in mice with global
knock out of IL-17RA.89 In contrast, loss of the IL17RA gene in T cells (under the control of the CD4 promoter) or
myeloid cells (using LysM promoter-driven Cre) has essentially no effect on imiquimod-induced skin lesions, ear
inflammation or epidermal thickness. Interestingly, the infiltration of neutrophils, but not monocytes, into the imiquimod-
treated skin depends on keratinocyte IL-17R.89 Together, these results indicate a key role for keratinocytes in psoriasis
pathogenesis. Furthermore, the correlation between decreased neutrophil influx and reduced psoriasiform lesion devel-
opment suggests that neutrophils also play a key role in psoriasis pathogenesis. This idea has been supported by other
studies, as reviewed previously.90 Thus, both the innate immune system and keratinocytes are important in the etiology of
psoriasis, at least in mouse models of the disease.

Finally, it should be pointed out that keratinocytes comprise approximately 90% of the cells of the epidermis, with the
remaining 10% consisting of melanocytes, Langerhans cells, and Merkel cells. Therefore, even if each keratinocyte
produces only a small amount of a particular secreted protein, such as a cytokine, chemokine or other protein, the sheer
number of keratinocytes will result in significant secretion of the molecule. Thus, keratinocytes should not necessarily be
discounted as a source of some of the “immune cell factors” found to be upregulated in psoriasis. Indeed, it is thought
that keratinocytes express the majority of the IFN-β observed in psoriatic skin.5 This principle is also illustrated by the
work of Wang et al87 mentioned above. Although these investigators observed an improved imiquimod-induced psoriasi-
form phenotype with keratinocyte-specific ablation of Hmgb1, knockout of the Hmgb1 gene in dendritic cells (using
Itgax promoter-driven Cre in Hmgb1 floxed mice), myeloid cells (Lyz2 promoter-driven Cre) or T cells (Lck promoter-
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driven Cre) produced no significant effect.87 Similarly, the work of Croxford et al91 and Wohn et al.92 support the idea
that keratinocytes can be a source of significant amounts of a particular secreted protein. In the former report IL-17Awas
overexpressed from a single allele in keratinocytes under the control of the keratin 14 promoter; 100% of the mice
rapidly develop skin lesions reminiscent of psoriasis, with acanthosis, agranulosis (loss of the stratum granulosum),
hyper- and parakeratosis, infiltration of granulocytes, macrophages and effector T cells, and neutrophilic (Munro) skin
abscesses, as well as signs of uveitis and arthritis,91 all of which are characteristic or associated with human psoriasis
(reviewed in26,93). On the other hand, although overexpression of IL-17A from a single allele in dendritic cells (under the
control of the CD11c promoter) also results in a psoriasiform phenotype, lesions require a much longer time to develop
(onset at approximately 18 weeks of age) and less than half of the mice show skin lesions.92 If the amount of IL-17A is
boosted by expressing from two alleles, 100% of the mice develop a phenotype starting at about 8 weeks of age.92

Although the potency of the CD11c versus the keratin 14 promoters may differ, it is tempting to speculate that greater IL-
17A quantities are generated, even from a single allele, because of the large number of keratinocytes in the skin, to result
in more rapid and highly penetrant development of the skin phenotype in these mice compared with mice overexpressing
IL-17A in dendritic cells. In fact, serum levels of IL-17A support this idea, with control mice showing lower levels than
single-allele CD11c, which were less than double-allele CD11c promoter mice;92 serum IL-17A levels of the mice with
single-allele keratin 14 promoter-driven IL-17A expression were the highest.91 Although keratinocytes are not thought to
express IL-17A naturally (although IL-17A expression/secretion has been observed in response to stimulation of the
HaCaT keratinocyte cell line with the TLR9 agonist CpG94), they do express IL-17B, IL-17C and IL-17E (also known as
IL-25). IL-17C is likely important in psoriasis, as IL-17C is able to stimulate Th17 cells to produce IL-17A (reviewed
in95), and a neutralizing antibody to IL-17C has been reported to improve inflammation in an IL-23 ear injection mouse
model of psoriasis.96 Importantly, IL-17C protein is found at much higher levels in psoriatic skin lesions than is IL-
17A,97 and transgenic overexpression of IL-17C in mice leads to skin disease reminiscent of psoriasis.97 IL-17E (IL-25)
is also an important cytokine in the disease: keratinocyte-specific deletion of the IL-25 gene inhibits the imiquimod-
induced development of the psoriasis phenotype in knockout mice,98 suggesting that keratinocyte-derived IL-17/IL-25 is
likely an important contributor to the disease process.

Conclusions
Thus, accumulating data are pointing to important roles for both the immune system and keratinocytes in the etiology of
psoriasis. Indeed, activated keratinocytes produce immune-stimulating molecules, and these immune cells secrete
keratinocyte-activating factors, thereby establishing a “vicious cycle” to initiate and promote psoriasis (reviewed
in93,99). Interrupting the cycle at the level of the immune system or the keratinocyte should therefore be effective for
treating this disease. Immune-targeted therapies are common but have the disadvantage of side effects (e.g., potential
issues with infection4), which are unlikely to arise with treatments that do not act to suppress the immune system;
nevertheless, even those medications thought to target the immune system may also affect keratinocytes, such as the
biologics inhibiting TNF-α, IL-6 and IL-17 (e.g.,3,71,89).

Examples of keratinocyte-produced immune-activating molecules are the anti-microbial peptides, which have been
shown to serve as DAMPs to activate TLRs, like TLR2 and TLR4, and stimulate the production of cytokines/chemokines
(e.g.,52,100–104), which in turn can recruit immune cells into the skin. While it may be inefficient to attempt to inhibit the
action of individual anti-microbial peptides, a therapy to inhibit TLR activation by multiple DAMPs might be
a potentially effective strategy for treating psoriasis. Phosphatidylglycerol has recently been shown to inhibit TLR2
and TLR4 activation in vitro by the anti-microbial peptides S100A9 and β-defensin-2,52 as well as microbial components
like lipopolysaccharide.52,100 In addition, phosphatidylglycerol has been shown to ameliorate inflammation stimulated by
the skin irritant, 12-O-tetradecanoylphorbol acetate and by imiquimod, as well as the imiquimod-induced development of
skin lesions, in in vivo mouse models.52,105 Phosphatidylglycerol does not seem to act as a global immunosuppressant
(since, for example, it inhibits viral infection of the lungs106,107). Therefore, since phosphatidylglycerol is a naturally
occurring phospholipid with a presumably good safety profile, these results suggest the possibility of developing this
lipid as a therapy for the treatment of psoriasis.
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On the other hand, there are data to support the involvement in psoriasis of cell types/tissues in addition to the
immune system and keratinocytes. Indeed, since the skin disorder classified as psoriasis likely has multiple etiologies,
these diverse cell types may be differentially involved in the disease in various individuals, such that targeting of
these different cell types may also be beneficial in psoriasis treatment. Thus, changes are observed in the dermal
vasculature in psoriasis and evidence supports a potential role for blood vessels in this disease (reviewed in108). For
example, expression of the well-known angiogenic molecule, vascular endothelial growth factor (VEGF) in kerati-
nocytes (under the control of the keratin 14 promoter) has been shown to result in a phenotype characterized by
acanthosis (epidermal hyperplasia), hyperkeratosis and parakeratosis, epidermal neutrophilic microabscesses and
immune cell infiltration, similar to the changes characterizing psoriasis.109 (On the other hand, VEGF may have
effects in keratinocytes in addition to its effects on endothelial cells: for example, mice with keratinocyte-specific
deletion of the VEGF receptor, Flt-1 show amelioration of the psoriasiform phenotype induced by imiquimod.110)
Finally, there is evidence for an involvement of the nervous system in psoriasis as well (reviewed in111). Thus, case
reports show that damage to sensory neurons leading to loss of sensation results in unilateral remission of psoriatic
plaques that return once nerve function is restored.112,113 In addition, blocking nerve transmission with a botulinum
toxin can improve psoriasis area and severity index and physician global assessment scores in patients with
recalcitrant plaque psoriasis.114

To summarize, then, psoriasis appears to be a complex inflammatory skin disease with participation of multiple cell
types, tissues and systems in its pathogenesis. Therefore, it seems likely that optimal management of this disease will
require targeting more than just a single cell or system for complete resolution. Such considerations are important since
psoriatic individuals are often dissatisfied with current therapies115 because some may be ineffective and others, like the
biologic agents, can be expensive and exhibit a spectrum of undesirable side effects, for example, increasing the risk of
serious infections and possibly lymphoma.4,116 Therefore, the better the understanding of the mechanisms underlying
psoriasis initiation and maintenance, as well as relapse, the more and better targets may be identified to develop therapies
for psoriasis treatment.
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