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Transgenic mice overexpressing PKCα in the epidermis (K5-PKCα mice) exhibit an inducible severe intraepidermal
neutrophilic inflammation and systemic neutrophilia when PKCα is activated by topical 12-O-tetradecanoylphorbol-13-
acetate (TPA). This inducible model of cutaneous inflammation was used to define mediators of skin inflammation that
may have clinical relevance. Activation of cutaneous PKCα increased the production of the chemotactic factors cytokine-
induced neutrophil chemoattractant (KC) and macrophage inflammatory protein 2 (MIP-2) in murine plasma. TPA
treatment of cultured K5-PKCα keratinocytes also released KC and MIP-2 into culture supernatants through an NF-κB–
dependent pathway. MIP-2 and KC mediated the infiltration of neutrophils into the epidermis, since this was prevented by
ablating CXCR2 in K5-PKCα mice or administering neutralizing antibodies against KC or MIP-2. The neutrophilia resulted
from PKCα-mediated upregulation of cutaneous G-CSF released into the plasma independent of CXCR2. These
responses could be inhibited by topical treatment with a PKCα-selective inhibitor. Inhibiting PKCα also reduced the basal
and TNF-α– or TPA-induced expression of CXCL8 in cultured psoriatic keratinocytes, suggesting that PKCα activity may
contribute to psoriatic inflammation. Thus, skin can be the source of circulating factors that have both local and systemic
consequences, and these factors, their receptors, and possibly PKCα could be therapeutic targets for inhibition of
cutaneous inflammation.
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Transgenic	mice	overexpressing	PKCα	in	the	epidermis	(K5-PKCα	mice)	exhibit	an	inducible	severe	intraepi-
dermal	neutrophilic	inflammation	and	systemic	neutrophilia	when	PKCα is	activated	by	topical	12-O-tet-
radecanoylphorbol-13-acetate	(TPA).	This	inducible	model	of	cutaneous	inflammation	was	used	to	define	
mediators	of	skin	inflammation	that	may	have	clinical	relevance.	Activation	of	cutaneous	PKCα increased	the	
production	of	the	chemotactic	factors	cytokine-induced	neutrophil	chemoattractant	(KC)	and	macrophage	
inflammatory	protein	2	(MIP-2)	in	murine	plasma.	TPA	treatment	of	cultured	K5-PKCα	keratinocytes	also	
released	KC	and	MIP-2	into	culture	supernatants	through	an	NF-κB–dependent	pathway.	MIP-2	and	KC	medi-
ated	the	infiltration	of	neutrophils	into	the	epidermis,	since	this	was	prevented	by	ablating	CXCR2	in	K5-PKCα	
mice	or	administering	neutralizing	antibodies	against	KC	or	MIP-2.	The	neutrophilia	resulted	from	PKCα-
mediated	upregulation	of	cutaneous	G-CSF	released	into	the	plasma	independent	of	CXCR2.	These	responses	
could	be	inhibited	by	topical	treatment	with	a	PKCα-selective	inhibitor.	Inhibiting	PKCα	also	reduced	the	
basal	and	TNF-α–	or	TPA-induced	expression	of	CXCL8	in	cultured	psoriatic	keratinocytes,	suggesting	that	
PKCα	activity	may	contribute	to	psoriatic	inflammation.	Thus,	skin	can	be	the	source	of	circulating	factors	
that	have	both	local	and	systemic	consequences,	and	these	factors,	their	receptors,	and	possibly	PKCα	could	
be	therapeutic	targets	for	inhibition	of	cutaneous	inflammation.

Introduction
As the body’s largest and most exposed interface with the environ-
ment, the skin has a central role in host defense. The most numer-
ous epidermal cells, keratinocytes, are major producers of local 
and systemic cytokines and can initiate an inflammatory response. 
However, cutaneous immune surveillance is achieved by a complex 
interplay among skin’s dendritic cells, infiltrating T cells, granu-
locytes, and keratinocytes (1). Neutrophils are considered to be 
the body’s first line of defense, as they are rapidly recruited at the 
inflammatory site. Chemotaxis of immune cells is mediated by 
a large group of structurally related proteins called chemokines. 
They are organized into 4 families (C, CC, CXC, CX3C) based on 
the position of 1 or 2 conserved cysteine residues in their N-termi-
nal portion (2–4). Mouse neutrophils express a receptor homolo-
gous to human IL-8 (CXC chemokine ligand 8 [CXCL8]) receptor, 
or CXC chemokine receptor 2 (CXCR2). Mouse CXCR2 binds sev-
eral CXCL8-like CXC chemokines, most notably cytokine-induced 
neutrophil chemoattractant (KC) and macrophage inflammatory 
protein 2 (MIP-2). KC and MIP-2 are related to the 3 human GRO 
chemokines (CXCL1/3) (5–7). Ablation of CXCR2 in mice prevents 
the migration of neutrophils in response to thioglycolate, reveal-
ing that it is critical for neutrophil chemotaxis (8).

Members of the PKC family of calcium and/or lipid activated 
serine-threonine kinases function downstream of nearly all mem-

brane-associated signal transduction pathways. Six different PKC 
isozymes are expressed in mouse and human keratinocytes; they 
are broadly classified by their activation characteristics. The con-
ventional PKC isozyme (PKCα) is calcium- and lipid-activated, 
whereas the novel isozymes (δ, ε, η) and atypical isozymes (ζ, μ) are 
calcium independent but activated by distinct lipids. We and oth-
ers have previously demonstrated that transgenic mice that over-
express PKCα in basal keratinocytes exhibited an acute inflam-
matory response when mice were painted with the PKC activator 
12-O-tetradecanoylphorbol-13-acetate (TPA) (9, 10). The condi-
tional cutaneous inflammation was characterized by intraepi-
dermal neutrophilic microabcesses that became confluent and 
trapped beneath the stratum corneum; such particular inflamma-
tion has not been described for transgenic mice with other PKC 
isoforms targeted to the epidermis (11–13). We have also reported 
that CCR1 or TNF receptor (TNFR) deficiency did not prevent the 
infiltration of neutrophils into the epidermis (9, 14). Because of 
its unique inducible character and the restriction to a single PKC 
isoform, this model provides a preclinical setting to study diseases 
such as psoriasis and acute generalized exanthematous pustulosis 
(AGEP) where intraepidermal neutrophilic infiltration and neu-
trophilia are important clinical manifestations. The current study 
was designed to define the factors responsible for the systemic and 
local recruitment of neutrophils in transgenic mice overexpressing 
PKCα in the epidermis (K5-PKCα mice).

Results
Activation of cutaneous PKCα causes systemic neutrophilia. K5-PKCα 
transgenic mice are very sensitive to a single topical application of 
TPA to the skin, which causes severe neutrophilic infiltration into 
the epidermis (9). Previously we have shown this is independent of 

Nonstandard	abbreviations	used: CXCL8, CXC chemokine ligand 8; CXCR2, CXC 
chemokine receptor 2; KC, cytokine-induced neutrophil chemoattractant; MIP-2, 
macrophage inflammatory protein 2; MPO, myeloperoxidase; TPA, 12-O-tetradec-
anoylphorbol-13-acetate.
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the TNF-α pathway and the chemokine receptor CCR1. We now find 
that concomitantly with the infiltration of neutrophils in the skin, 
TPA-treated K5-PKCα mice have elevated levels of circulating neu-
trophils in the peripheral blood (Figure 1). While there is a transient 
increase in TPA-treated WT animals, only K5-PKCα mice develop a 
sustained neutrophilia. In untreated K5-PKCα mice, the number of 
circulating neutrophils is identical to that in the WT mice.

Activation of cutaneous PKCα increases MIP-2 and KC expression. 
Chemokines are major regulators of neutrophil trafficking. Acti-
vation of cutaneous PKCα upregulates the transcription of KC 
and MIP-2 (10, 14). To determine whether the systemic recruit-
ment of neutrophils and their infiltration in the skin was associ-
ated with an increased systemic level of these factors, MIP-2 and 
KC concentrations were measured in the serum of K5-PKCα mice 
and their WT littermates after a single topical TPA application. 
Levels of both chemokines were only modestly and transiently 
increased in the circulation of WT mice compared with the trans-
genic animals. Overall, KC peaked earlier and at a much higher 
concentration than MIP-2 (Figure 2). The kinetics of induction of 
these chemokines is consistent with the pattern of neutrophilia 
depicted in Figure 1. These results prompted further evaluation 
of the roles of both KC and MIP-2 in neutrophil recruitment to 
the skin. To determine whether PKCα activation could contribute 
to the increase in KC and MIP-2 levels in the serum, keratinocytes 
isolated from newborn K5-PKCα mice were treated with 5 ng/ml 
TPA for 1, 3, and 6 hours. KC and MIP-2 release was normalized 
to the number of cells at the collection time. Keratinocytes from 
K5-PKCα mice released KC and MIP-2 into the media in response 
to PKCα activation (Figure 3, left panels), and this release was sus-
tained. Inhibition of NF-κB signaling in K5-PKCα keratinocytes 
transduced with an adenoviral IκBα mutant construct completely 

abrogated the secretion of MIP-2 and KC (Figure 3, right panels). 
This is consistent with the abrogation of MIP-2 and KC transcripts 
by NF-κB inhibition reported previously in this model (14).

CXCR2 ligands mediate neutrophil recruitment to the epidermis of  
K5-PKCα mice but not neutrophilia. To determine whether MIP-2 and 
KC activities are required for leukocyte recruitment to the epider-
mis as well as neutrophilia, we analyzed neutrophil migration into 
the skin and peripheral blood neutrophil counts of mice that were 
pretreated systemically with neutralizing antibodies against MIP-2 
or KC. These monoclonal antibodies are efficient at blocking MIP-2  
and KC activities in various murine models of inflammation (15, 
16). As shown in Figure 4A, antibodies given intravenously at  
5 μg were effective at reducing neutrophil accumulation in the 
skin in response to PKCα activation as measured by myeloperoxi-
dase (MPO) content. Combining the 2 neutralizing antibodies had 
no significant additive effect, suggesting a redundant function for 
KC and MIP-2. Blocking MIP-2 or KC activity did not prevent the 
development of neutrophilia in the blood of K5-PKCα mice (Fig-
ure 4B). These results suggest that while CXCR2 ligands contrib-
ute to the infiltration of neutrophils in the epidermis, they are not 
responsible for their recruitment to the bloodstream. To confirm 
the requirement for CXCR2 ligands to mediate PKCα-induced 
skin inflammation, we crossed K5-PKCα mice with mice homo-
zygous for targeted disruption of CXCR2. The untreated skin of  
K5-PKCα/CXCR2-deficient mice appeared normal (Figure 4C, 
lower right panel). As shown in Figure 4C, the infiltration of neu-
trophils observed in the hair follicles of K5-PKCα/CXCR2+/+ or 
K5-PKCα/CXCR2+/– mice 6 hours after PKCα activation by topi-
cal TPA was absent in K5-PKCα/CXCR2–/– mice. The neutrophil 
content  in skin was further evaluated by measurement of the 
MPO activity, which confirmed that CXCR2 deficiency prevented 
almost all of the infiltration of neutrophils in the epidermis of  
K5-PKCα mice (Figure 4D). The residual MPO activity detected 
at 6 hours after TPA treatment in K5-PKCα/CXCR2–/– mice most 
likely reflects neutrophils present in blood capillaries in the deep 

Figure 1
K5-PKCα mice develop a sustained neutrophilia in response to TPA 
painting. A single dose of TPA (1 μg) in acetone was applied to the 
shaved backs of K5-PKCα transgenic mice and WT littermates. Blood 
was drawn at various times, and differential wbc counts were per-
formed. Bars represent the mean number of neutrophils per microli-
ter of blood ± SEM for at least 7 mice per group for each time point.  
*P < 0.05 versus the respective control.

Figure 2
K5-PKCα mice have increased circulating levels of MIP-2 and KC in 
response to TPA painting. A single dose of TPA (1 μg) in acetone was 
applied to the shaved backs of K5-PKCα transgenic and WT litter-
mates, blood was drawn at various times, and ELISA for KC and MIP-2 
was performed on sera. Bars represent the mean ± SEM for 6 animals, 
and results are representative of at least 2 independent experiments. 
*P < 0.05 versus the respective control.
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dermis collected as full-thickness biopsies were performed. Expan-
sion of mature neutrophils has been observed in mice lacking 
CXCR2 (8), but circulating neutrophil levels are not elevated when 
mice are housed under germ-free condition (17, 18). Accord-
ingly, circulating neutrophil counts of K5-PKCα/CXCR2–/– 
mice were indistinguishable from those of their K5-PKCα/
CXCR2+/+ littermates (Figure 4E). As shown in Figure 4E, 
the neutrophilia elicited by activation of cutaneous PKCα 
was maintained in CXCR2-deficient mice. Collectively, our 
results demonstrated that PKCα mediates the recruitment of 
neutrophils to the epidermis through activation of CXCR2, 
while systemic neutrophilia is CXCR2 independent.

Systemic neutrophilia is dependent on PKCα-mediated upregulation 
of G-CSF. G-CSFs and GM-CSFs stimulate proliferation of 
committed stem cells for granulocytes and macrophages. 
G-CSF receptor–deficient mice have decreased numbers of 

circulating neutrophils (19), with reduced chemokine responsive-
ness (20). Systemic levels of G-CSF and GM-CSF were measured 
by ELISA in the serum of K5-PKCα mice and their WT littermates 
after a single TPA application. GM-CSF levels were undetectable at 
all the time points (data not shown); however, a sustained increase 
in circulating G-CSF levels was detected in K5-PKCα mice (Figure 
5A). PKCα activation led to increased expression of G-CSF tran-
scripts in the skin of K5-PKCα mice (Figure 5B), and G-CSF mRNA 
induction and protein released upon PKC activation were reported 
previously (14, 21). To demonstrate the causal role of G-CSF on 

Figure 3
K5-PKCα primary keratinocytes produce MIP-2 and KC through 
PKCα-mediated NF-κB activation. Left panels: Culture supernatants 
from K5-PKCα primary keratinocytes were collected at 1, 3, and 6 
hours after TPA treatment. KC and MIP-2 concentrations were deter-
mined by ELISA. Bars represent the mean ± SEM of triplicate deter-
minations. Results are representative of 3 independent experiments. 
*P < 0.05 versus time 0. Right panels: KC and MIP-2 concentrations 
in culture supernatant collected from K5-PKCα keratinocytes trans-
duced with A-CMV (control) or degradation-resistant IκBα (IκBαSR) 
adenovirus after a 3-hour TPA or DMSO treatment. Bars represent the 
mean ± SEM of triplicate determinations. Results are representative of 
3 independent experiments. *P < 0.05 versus the respective DMSO-
treated/A-CMV control.

Figure 4
Blocking CXCR2 ligands or CXCR2 deficiency prevents neu-
trophil infiltration in the skin of K5-PKCα mice. A single dose 
of TPA (1 μg) in acetone was applied to the shaved backs of 
K5-PKCα mice that had been injected intravenously with either 
control IgG, KC-neutralizing antibodies, MIP-2–neutralizing anti-
bodies, or a combination of KC- and MIP-2–neutralizing anti-
bodies. Skin was collected 6 hours later, and MPO activity was 
determined (A). Blood was collected at sacrifice, and the number 
of peripheral blood neutrophils was determined from differential 
wbc counts (B). For A and B, bars represent the mean ± SEM 
for 4 animals, and results are representative of 4 experiments. 
*P < 0.05 versus IgG control group. (C) K5-PKCα mice express-
ing CXCR2 (K5-PKCα/CXCR2+/+), K5-PKCα mice heterozygous 
for CXCR2 (K5-PKCα/CXCR2+/–), and K5-PKCα mice deficient 
for CXCR2 (K5-PKCα/CXCR2–/–) were TPA painted; skin was 
collected 6 hours later, and sections were stained with H&E. 
White arrowheads show early stage of neutrophil infiltration into 
the hair follicles. MPO was determined in skin extracts from the 
mouse groups depicted in C (D) as well as peripheral blood neu-
trophil counts (E). For D and E, bars represent the mean ± SEM 
for 7 animals, and results are representative of 2 experiments.  
*P < 0.05 versus TPA-treated K5-PKCα/CXCR2+/+ group.
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neutrophilia, we injected K5-PKCα mice with G-CSF–neutraliz-
ing antibodies prior to PKCα activation. As shown in Figure 5C, 
anti–G-CSF treatment decreased neutrophilia by 75% (P < 0.0001) 
in K5-PKCα mice compared with animals treated with IgG con-
trol antibodies. Pretreatment with neutralizing antibodies had no 
effect on the basal number of circulating neutrophils. As expect-
ed from the results obtained in CXCR2-deficient mice, blocking  
G-CSF had little effect on the infiltration of neutrophils in the skin 
(Figure 5D). The minor decrease observed could reflect the decrease 
in overall circulating neutrophils or their decreased responsiveness, 
as previously reported (20).

To further confirm that activation of PKCα in keratinocytes is 
the molecular event initiating the systemic neutrophilia as well as 
the local recruitment of neutrophils in the epidermis, we applied 
TPA in the presence or absence of the classical PKC inhibitor  
Gö 6976. KC and G-CSF production in the skin of K5-PKCα ani-
mals was prevented in Gö 6976–treated animals (Figure 6, A and 
B). Preventing G-CSF induction in the skin also prevented its accu-
mulation in the bloodstream (Figure 6C). This result indicates 
that G-CSF measured in plasma at early time points after PKCα 
activation originates from the skin. Gö 6976 application to the 
back of WT mice prior to TPA painting reduced the 3-fold increase 
in MPO activity by 49% compared with the level in animals treated 
with TPA only (MPO activity: basal, 9.0 ± 1.9; TPA only, 28.3 ± 2.7; 
Gö 6976/TPA, 18.9 ± 4; P < 0.05).

PKCα regulates CXCL8 in cultured psoriatic keratinocytes. Intraepi-
dermal inflammation and neutrophilia are manifested in sev-
eral human dermatoses, with pustular psoriasis being a promi-
nent example. The induction of CXCL8 in response to TNF-α is 
strongly associated with the syndrome. To test a possible function 
of PKCα in the regulation of CXCL8 in psoriatic keratinocytes, 
we took advantage of the earlier finding that keratinocytes cul-

tured from lesional psoriatic skin display intrinsic abnormalities 
in their basal expression as well as their response to proinflamma-
tory factors (22–24). Using real-time PCR, we observed elevated 
basal expression of transcripts for CXCL8 in keratinocytes from 
several patients with psoriasis and enhanced CXCL8 transcrip-
tional response after stimulation with TNF-α (Figure 7 and Fig-
ure 8A). Blockade of PKCα activity with Gö 6976 reduced the 
level of CXCL8 mRNA by 80% in keratinocytes from all 3 psoriatic 
patients examined and substantially reduced the TNF-α–stimu-
lated CXCL8 expression in 2 of the patients’ keratinocytes (Figure 
7). Since similar results were detected in TNF-α–treated normal 
keratinocytes, PKCα may be a major pathway downstream from 
this proinflammatory cytokine in human epidermis.

We also asked whether psoriatic keratinocytes were sensitive to 
TPA induction of CXCL8 transcripts. Figure 8A shows that TPA-
induced CXCL8 message in both control and patient cultured 
keratinocytes is dose dependent, with generally higher levels in the 
patient cells. When the keratinocytes of patients and controls rep-
resented in Figure 7 were stimulated by TPA (Figure 8B), patient 1 
was particularly sensitive to stimulation and inhibition by Gö 6976, 
while the other 2 patients were less sensitive to TPA, although Gö 
6976 was inhibitory in both. These results suggest that PKCα par-
ticipates in the induction of CXCL8 in both normal and patient 
keratinocytes, but there is variability in the level of contribution 
analogous to the variability of neutrophil infiltration in psoriatic 
skin among patients. Further support for a function of PKCα in 
the inflammatory infiltrate of specific human diseases is shown in 
Figure 9, A–F: a substantial increase in PKCα expression in multiple 
layers of psoriatic plaque was detected by immunohistochemistry. 
PKCα localizes mostly at cell-cell interfaces in the entire supra-
basal compartment. Weak staining of lateral and apical surfaces 
of basal cells was observed, as previously reported (25). No staining 
was observed in the absence of the primary anti-PKCα antibody. In 
cases of pustular psoriasis (Figure 9G), neutrophils in macropus-
tules were present beneath the stratum corneum. These pustules 
were nearly identical to the neutrophilic foci present in microab-
scesses in K5-PKCα mice upon PKCα activation (Figure 9H).

Discussion
Collectively these results identify PKCα activation in keratinocytes 
as the initiating event causing G-CSF release and CXCR2 ligand 
induction. Keratinocyte-derived G-CSF recruits neutrophils to the 

Figure 5
Blocking G-CSF prevents neutrophilia in K5-PKCα mice. (A) A single 
dose of TPA (1 μg) in acetone was applied to the shaved backs of  
K5-PKCα transgenic mice and WT littermates. Blood was drawn at var-
ious times, and ELISA for G-CSF was performed on sera. Bars repre-
sent the mean ± SEM for 6 animals, and results are representative of at 
least 2 independent experiments. *P < 0.05 versus the respective con-
trol. (B) Agarose gel stained with ethidium bromide showing RT-PCR  
product for G-CSF and actin. RNA was extracted from K5-PKCα skin 
punch biopsy samples 3 hours after TPA or acetone treatment. Each 
lane represents an individual mouse. Peripheral blood neutrophil 
counts (C) and skin MPO activity (D) 6 hours after a single dose of 
TPA (1 μg) in acetone was applied to the shaved backs of K5-PKCα 
mice that had been injected intraperitoneally with either control IgG or 
G-CSF–neutralizing antibodies. Bars represent the mean ± SEM for 8 
animals, and results are representative of 2 independent experiments. 
**P < 0.0001 versus TPA-treated IgG group. NS, not significant versus 
TPA-treated IgG group.
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bloodstream, while CXCR2 ligands promote their infiltration into 
the epidermis. This model illustrates the capacity of keratinocyte 
to elaborate both a systemic and local inflammatory response and 
defines several pathways that may be therapeutically relevant to 
abrogating the intraepidermal form of cutaneous inflammation.

The cutaneous lesions of TPA-painted K5-PKCα mice resemble 
those of several human skin conditions, such as pustular psoria-
sis, AGEP (26), and cutaneous candidiasis (27). We now under-
stand that  in  this mouse model, neutrophil  infiltration and 
intraepidermal microabscesses result from a systemic increase 
in  the  level  of  circulating  neutrophils  induced  by  cytokines 
and chemokines of cutaneous origin. The critical mediator of 
cytokine/chemokine release is PKCα activation, which promotes 
intraepidermal chemotaxis of neutrophils via CXCR2 chemo-
kines and systemic recruitment of neutrophils via G-CSF release. 
Although the regulatory function of CXCR2 on leukocyte influx 
in inflamed tissue is well appreciated (28), the present study sug-
gests that systemic and local recruitment of neutrophils can be 
mediated by 2 independent mechanisms. Our data also suggest 

that a physiological function for PKCα  in keratinocytes is to 
orchestrate a neutrophil response during inflammation. Inter-
estingly, a secreted Salmonella effector protein activates a PKCα-
dependent epithelial signaling pathway in enterocytes that pro-
motes neutrophil transepithelial migration (29, 30).

NF-κB is a pivotal regulator of proinflammatory gene expression 
in K5-PKCα primary keratinocytes (14). As a consequence, NF-κB 
blockade abolishes the production of KC and MIP-2 in K5-PKCα 
keratinocytes. Our results also indicate that while the in vitro pro-
duction of KC and MIP-2 are similar, circulating KC levels in vivo 
are far higher than MIP-2 levels. This observation is identical to 
the one described for thioglycollate- or glycogen-induced peritoni-
tis (31). While TNF-α is a potent inducer of KC and MIP-2 expres-
sion in vivo (32), TNFR deficiency had no effect on PKCα-mediated 
induction of these 2 chemokines (14). PKCα has been described as 
being one of the downstream effectors of TNF-α (33–35). Direct 
activation of PKCα by TPA could explain TNF-α dispensability in 
our model (14). Our results indicate that PKCα also contributes to 
TNF-α–mediated induction of CXCL8 in human keratinocytes as a 
downstream effector. If in fact PKCα is an important downstream 
mediator of TNF-α proinflammatory activity, design of PKCα iso-

Figure 6
Prevention of KC and G-CSF expression by the classical PKC inhibitor 
Gö 6976. Gö 6976 was applied once topically just prior to TPA treat-
ment. KC and G-CSF expression was quantified in skin extract (A and 
B, respectively), and levels circulating G-CSF (C) were determined in 
serum. The control group received the same volume of the solvent. Bars 
represent the mean ± SEM for 4 animals, and results are representative 
of 2 independent experiments. *P < 0.05 versus no TPA treatment.

Figure 7
PKCα inhibition attenuates abnormal levels of basal and induced 
CXCL8 in keratinocytes from psoriatic patients. Real-time PCR analy-
sis of CXCL8 mRNA expression in normal and psoriatic keratinocytes 
from lesional skin biopsy samples from psoriatic patients (Psoriatic 
1–3) or normal skin of healthy controls treated as described in Meth-
ods. “Normal” is representative of cultured keratinocytes from 3 healthy 
controls. Bars represent the mean value of triplicate determinations 
from a single patient. Results are expressed as fold increase in expres-
sion compared with that in untreated normal keratinocytes.
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form–selective inhibitors may have potential clinical benefit in the 
context of antiinflammatory drug development.

CXCR2 ligands have been implicated in the etiology of a number 
of pathological conditions in humans as well as in various mouse 
models of inflammation (for review, see refs. 36, 37). Increased 
IL-8 expression and neutrophil recruitment have been reported 
in bronchoalveolar fluid of patients with bacterial pneumonia or 
bronchiolitis obliterans syndrome (38). Similarly, human CXCR2 
ligands (CXCL1, CXCL5, and CXCL8) are strongly increased in 
the synovial fluid of patients suffering from rheumatoid arthritis. 
In psoriasis, the skin lesions contain activated T cells and neutro-
phils (39), and it is thought that the latter could be recruited by 
elevated expression of CXCL8 and CXCL1 (40). We now show by 
immunohistochemistry that PKCα demonstrates a strong expres-
sion in upper keratinocytes of psoriatic epidermal lesions, with a 
staining pattern consistent with membrane localization and gra-
dation in the suprabasal compartments and the superior aspect of 
basal cells. Phospholipase C and diacylglycerol levels are elevated 
in psoriatic lesions (41–43), which could explain the membrane 
localization of PKCα. It is worth noting that GROα and CXCL8 
mRNA are expressed in suprapapillary layers of psoriatic lesions 
(44, 45), which further substantiates a possible regulatory link 
between PKCα and these 2 chemokines. However, enhanced sen-
sitivity for CXCL8 mRNA induction by TNF-α or TPA was not 

displayed by all  lines of cultured psoriatic keratinocytes. The 
intraepidermal inflammatory component of psoriasis is also vari-
able, with the pustular form being the extreme. The similarity in 
epidermal pustule formation between humans with this form of 
psoriasis and mice with cutaneous activation of PKCα suggests 
that PKCα activation may contribute to the more inflammatory 
subset of psoriatic intraepidermal lesions.

Consistent with our mouse model, expression of CXCR2 mRNA 
and protein are increased in lesional psoriatic keratinocytes (46, 
47). Although the role of neutrophils in the psoriasis phenotype 
is not fully understood, their depletion in the flaky skin mouse 
model dramatically improves the skin lesions (48). Neutrophils 
infiltrate the skin of K14-KC transgenic mice, but the inflamma-
tory reaction is moderate due to downregulation of CXCR2 (49). 
Inducible expression of KC in transgenic grafts causes a greater 
inflammatory response by circumventing CXCR2 desensitiza-
tion (50). Thus, maintaining the level of CXCR2 is critical for 
propagating the inflammatory response in skin. Since CXCR2 is 
expressed by keratinocytes as well as neutrophils, the high level 
expression of this receptor in psoriasis could imply an autocrine 
or paracrine effect (51). The high level of expression of IL-8 and 
CXCR2 in psoriasis prompted clinical trials with anti–IL-8 anti-
bodies for this disease. However, the treatment was ineffective, 
and the approach was abandoned. In our study, we also found 
that systemic antibody treatment to block KC or MIP-2 was only 
partially effective and combined antibodies could not improve 
efficacy. The lack of complete effectiveness in the human and 
mouse studies could have a number of explanations, including 
the upregulation of GRO in human psoriasis (40) or the stoi-
chiometry of antibody-ligand interactions in our mouse model. 
Our studies suggest that targeting the receptor CXCR2 may have 
better therapeutic potential. This K5-PKCα model may be use-
ful to screen small molecules as CXCR2 antagonists. The recent 
generation of human CXCR2 knock-in mice (52) and targeting 
CXCR2 using cell-penetrating lipopeptides (53) (pepducins) are 
additional approaches that show promise.

The continuous supply of granulocytes to the circulating blood 
depends on their rate of production and their subsequent release 
into the marrow sinuses. Although neutrophils play a critical role 
in innate immunity, inappropriate/excessive recruitment could 
contribute to tissue damage during inflammatory situations. Vari-
ous factors with distinct cellular targets and activity can induce 
the release of neutrophils from the bone marrow (cytokines, che-
mokines, fMLP, C5a), but the mechanisms controlling neutrophil 
release from the bone marrow are still incompletely understood. 
Several investigators have shown that the intravenous administra-

Figure 8
Keratinocytes from a subset of psoriatic patients express higher 
CXCL8 mRNA levels in response to TPA. (A) Real-time PCR analysis 
of CXCL8 mRNA expression in keratinocytes cultured from lesional 
skin biopsy samples from a psoriatic patient or skin of a healthy control 
treated with increasing doses of TPA. (B) CXCL8 mRNA expression in 
patient and control keratinocyte cultures shown in Figure 7. Cultures 
were stimulated for 1 hour with TPA (5 ng/ml) with or without incuba-
tion with 5 μM Gö 6976 for the previous 30 minutes (B). “Normal” is 
representative of cultured keratinocytes from 3 healthy controls. Bars 
represent mean value of triplicate determinations from a single patient. 
Results are expressed as fold increase in expression compared with 
that in untreated normal keratinocytes.
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tion of CXCL8 causes a release of neutrophils from the bone mar-
row (54, 55). More recently it was suggested that KC could mediate 
recruitment of neutrophils from the bone marrow by stimulating 
their chemotaxis or by blocking the bone marrow–retaining effect 
of stromal cell–derived factor 1 (SDF-1)/CXCR4 interaction (56, 
57). Our data indicate that CXCR2 signaling from cutaneous 
sources is not responsible for the systemic recruitment of neu-
trophils, as CXCR2 deficiency or CXCR2 ligand blockade do not 
prevent neutrophilia. Clearly, CXCR2 signaling is not universally 
required for neutrophil release from the bone marrow. We then 
tested the hypothesis that systemically elevated levels of G-CSF 
could be responsible for the neutrophilia. G-CSF is widely used 
to treat or prevent neutropenia in a variety of clinical situations. 
Generation of G-CSF– and G-CSF receptor–deficient mice by 
gene targeting has demonstrated unequivocally the importance 
of G-CSF in the regulation of baseline granulopoiesis (19, 58).  
G-CSF–deficient also mice have reduced neutrophilic responses to 
listeria infection (58), suggesting a role for G-CSF in “emergency” 
situations. Consistent with this observation, we show in the pres-
ent study that the inflammatory response initiated by cutaneous 
PKCα leads to the systemic release of G-CSF from the skin and 

recruitment of neutrophils from the bone marrow. While the exact 
mechanism of action of G-CSF is beyond the scope of this article, 
recent data suggest that G-CSF action on neutrophils is likely indi-
rect and could involve trans-acting signals on SDF-1/CXCR4 (59).

In summary, these data provide evidence that PKCα activation 
in keratinocytes is a crucial event orchestrating cutaneous neutro-
phil responses. Both KC and MIP-2 are PKCα regulated through 
NF-κB activation, and they direct neutrophil migration through 
the stromal compartment into the epidermis. Collectively our data 
provide what we believe to be the first proof of concept for CXCR2 
targeting in skin lesions that present an extensive intraepidermal 
neutrophil infiltration. Concomitantly, PKCα activation causes 
the release into the bloodstream of G-CSF from keratinocytes that 
recruit neutrophils from the bone marrow. It appears that targeting 
the concerting action of PKCα on neutrophil trafficking could have 
therapeutic benefit in some cutaneous inflammatory situations.

Methods
Subjects. Epidermal keratinocytes were collected from skin biopsy samples 
from 4 adult patients with moderate-to-severe chronic plaque psoriasis (3 
women and 1 man; age range, 33–73 years) and 3 healthy age-matched con-
trol subjects. Skin sections were obtained from skin biopsies of lesional and 
nonlesional skin of 4 psoriatic patients (1 woman and 3 men; age range, 
48–69) with plaque psoriasis and of the skin of 3 healthy age-matched sub-
jects. Informed consent was obtained from all subjects, and the study was 
approved by the Istituto Dermopatico dell’Immacolata (Rome, Italy) and 
University of Düsseldorf (Düsseldorf, Germany). Skin sections of anony-
mous patients with pustular psoriasis were obtained from the National 
Cancer Institute Laboratory of Pathology.

Human keratinocyte cultures. Epidermal cell suspensions were prepared 
from lesional skin biopsy samples from psoriatic patients or normal 
skin of healthy controls. After trypsinization of the epidermis, isolated 
epidermal cells were seeded on a feeder layer of mitomycin C–treated 
(M0503; Sigma-Aldrich) NIH 3T3 fibroblasts and cocultured using an 
optimized Rheinwald and Green technique (60). Human primary kera-
tinocytes were used at the fourth passage after 24 hours in the absence 
of hydrocortisone with serum replaced with 0.1% BSA. Total RNA was 
harvested  after  1  hour  stimulation  with  TNF-α  (50  ng/ml)  or  TPA  
(5 ng/ml) with or without incubation with 5 μM Gö 6976 for the previ-
ous 30 minutes (Calbiochem; EMD Biosciences).

Immunohistochemistry. Five-micrometer cryostatic sections were fixed 
with acetone for 20 minutes at –20°C, treated with 0.3% hydrogen per-
oxide for 15 minutes, and blocked with PBS solution containing 3% BSA. 
Sections were then incubated for 1 hour at room temperature with mouse 
anti-human PKCα (05-154; Upstate USA Inc.) diluted 1:500 in 1% BSA; 
CD15 (clone C3D-1; Dako) diluted 1:25 in 1% BSA, rinsed, and incubated 
with 1:200 biotinylated anti-mouse antibody (Vector Laboratories); or 
1:250 rabbit anti-mouse IgM biotinylated (E4065; Dako). Ly6G staining 
was previously described (9). Immunoreactivity was revealed using an ABC 
avidin-biotin-peroxidase system and AEC substrate (Vector Laboratories). 
Sections were counterstained with Mayer hematoxylin. For negative con-
trol experiments, primary antibody was omitted.

Mice and treatments. Mouse  studies were performed under a protocol 
approved by the National Cancer Institute and the NIH Animal Care and Use 
Committee. The construction and characterization of K5-PKCα mice were 
previously described (9). These mice express a full-length murine PKCα cDNA 
under the control of the bovine keratin 5 promoter (9) that targets the trans-
gene to the basal layer of the epidermis and the outer root sheath of the hair 
follicle. For the studies reported here, an FVB/N strain expressing a 10-fold 
excess of PKCα over the endogenous level in the target sites was used (9).

Figure 9
Prominent PKCα expression in the epidermis of psoriatic patients. 
Frozen sections from normal (A and B), nonlesional (C and D), and 
psoriatic (E and F) epidermis were stained with monoclonal antibodies 
to PKCα and detected by immunoperoxidase. Results are typical of 
samples from 4 patients. Representative example of immunostaining 
for neutrophils in pustular psoriasis epidermis (G) and TPA-treated 
K5-PKCα mouse epidermis (H). PKCα staining in G (data not shown) 
was identical to E and F. Scale bars, 50 μm.
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K5-PKCα mice were crossed to homozygous mice deficient in CXCR2 
(8). F1 K5-PKCα/CXCR2+/– mice were backcrossed to CXCR2–/– mice to 
generate K5-PKCα mice deficient for CXCR2. At weaning, tail samples were 
collected and screened by separate PCR reactions for each of the alleles. 
The K5-PKCα allele was identified by PCR using primers TGCATATA-
AATTCTGGCTGGCG  and  GCATGAACATGGTTAGCAGAGGG  that 
span a 166-nucleotide sequence of the β-globin intron. CXCR2 alleles 
were detected using the following primers: CXCR2 WT allele, GGTCG-
TACTGCGTATCCTGCCTCAG and TAGCCATGATCTTGAGAAGTC-
CATG; CXCR2-KO allele, GAACCTCATTCTGCCCTCTT and CGAGAT-
CAGCAGCCTCTGTTC.

TPA (Axxora) was dissolved in acetone, and 1 μg was applied in 200 μl. 
Gö 6976 (Calbiochem; EMD Biosciences) was dissolved in acetone, and 13 
nmol was applied 5 minutes prior to TPA. Ten micrograms of G-CSF–neu-
tralizing antibodies (Novus Biologicals) were injected intraperitoneally 3 
hours prior to TPA painting. Five micrograms of anti-mouse KC (R&D 
Systems) and/or 5 μg anti-mouse MIP-2 antibodies (R&D Systems) were 
administered intravenously 5 minutes prior to TPA painting.

Peripheral blood analysis. The mice were anesthetized with Nembutal 
(Abbott).	Blood for differential white blood cell counts was collected 
by intracardiac puncture using heparinized syringes to prevent coagu-
lation. Cell analysis was performed at the Department of Laboratory 
Medicine at the NIH.

Cell culture. Primary mouse keratinocytes and hair follicle buds were 
isolated  from  newborn  transgenic  and  WT  littermate  epidermis  as 
described previously (61). Primary keratinocytes were seeded at a density 
of 5 × 106 cells per 60-mm dish (or equivalent concentrations) in Ca2+- 
and Mg2+-free MEM (Invitrogen) supplemented with 8% Chelex-treated 
(Bio-Rad) fetal bovine serum (Gemini Bio-Products) and 0.2 mM Ca2+. 
After 24 hours, cultures were switched to the same medium with 0.05 
mM Ca2+ to select for basal cells. TPA was reconstituted in DMSO, and 
primary keratinocytes were treated with TPA (5 ng/ml) for various times 
as indicated in the figures.

Skin histology and MPO assay. Shaven transgenic and WT animals were 
treated topically with a single dose (1 μg) of TPA in 200 μl of acetone. Skin 
was excised at various times after treatment and fixed in 10% formalin 
solution (Sigma-Aldrich), paraffin embedded, sectioned, and stained with 
H&E. Back whole skin samples were used for MPO assays as previously 
described (14, 62). In brief, samples were homogenized in potassium phos-
phate buffer (pH 6.0) containing 0.5% hexadecyltrimethylammonium bro-
mide (HTAB), sonicated, and freeze thawed 3 times, after which sonication 
was repeated. The suspension was centrifuged at 40,000 g for 15 minutes, 
and 10 μl of supernatant was added to 290 μl of potassium phosphate buf-
fer (pH 6.0) containing 0.167 mg/ml o-dianisidine dihydrochloride (Sigma-
Aldrich) and 0.0005% hydrogen peroxide. Changes in OD were monitored 
at 460 nm at 25°C, over a 4-minute period.	Isolated neutrophils obtained 
from mice with thioglycollate-induced peritonitis were processed in the 
same manner and used to generate a calibration curve for neutrophils, 
which were enumerated by light microscopy.

RT-PCR analysis.  RNA  was  isolated  from  cultured  keratinocytes  or 
skin-punch  biopsies  with  TRIzol  following  manufacturer’s  protocol 
(Invitrogen). For cDNA synthesis, 2 μg of total RNA was reverse transcribed 
using SuperScript II Reverse Transcriptase (Invitrogen). PCR amplifica-
tions were performed in a volume of 20 μl using Platinum PCR Super-
Mix (Invitrogen). The primers used for this analysis were as follows: actin, 
CAGATCATGTTTGAGACCTTC and ACTTCATGATGGAATTGAATG; 
G-CSF,  TCTGCCCCGAAGCTTCCTGCTTAAG  and  CAGCAACAC-
CAGCTCCTCGGGGTGA. To avoid saturation or plateau effect of ampli-
fication, PCR was limited to a total of 20 cycles for actin and 32 cycles for 
G-CSF. Results are representative of at least 3 independent experiments.

For real-time PCR analysis, the expression level of IL-8/CXCL8 cDNA 
was determined using a Bio-Rad iCycler iQ and Gene Expression Macro 
(version 1.1) from Bio-Rad. cDNA (diluted 1:200 in the final volume 
reaction) was measured from triplicate samples using iQ SYBR Green 
Supermix (Bio-Rad). The primer sequences were as follows: IL-8/CXCL8, 
GCTCTAGAATGACTTCCAAGCTGGCCG  and  CGGGATCCTTAT-
GAATTCTCAGCCCTCT; GAPDH primers were from Gene Link (cata-
log 40-1005-10). Relative standard curves were generated from log input 
(serial dilutions of pooled cDNA) versus the cycle threshold (Ct). The 
linear  correlation  coefficients  (r2)  were  0.997  and  0.987  for  CXCL8 
and GAPDH, respectively. The slope of the standard curve was used to 
determine the efficiency of target amplification (E) using the equation  
E = (10–1/slope–1) × 100. Similar high efficiency was obtained for CXCL8 
and GAPDH, allowing for the comparative Ct method to be used. Rela-
tive quantitation was used to calculate the 2–(ΔΔCt) formula, where ΔΔCt 
represents the cycle difference corrected for GAPDH, used as an internal 
control (63). The data are presented as fold change in gene expression 
normalized to GAPDH and relative to untreated control. Electrophoresis 
of the amplified product from real-time PCR showed a single band.

Adenovirus transduction. The IκBαSR (64) adenovirus was introduced 
into primary keratinocytes using an adenoviral construct driven by a 
CMV promoter and empty adenovirus was used as control (A-CMV). 
The cells were infected for 30 minutes in serum-free medium with an 
MOI of 5 viral particles/cell and 2.5 μg/ml of Polybrene (Sigma-Aldrich) 
to enhance uptake. Serum-containing medium was added to the cells 
for the next 48 hours after the infection. The IκBαSR adenovirus was a 
generous gift from D.C. Guttridge of the University of North Carolina, 
Chapel Hill, North Carolina, USA.

ELISA. Cytokine/chemokine levels in the serum, skin extracts and cul-
ture supernatants were quantified by ELISA. For collection of serum, blood 
was drawn by intracardiac puncture, incubated at room temperature for 
30 minutes, and centrifuged at 5,000 g for 10 minutes. Full-thickness skin 
punch biopsies were homogenized in protein extraction buffer M-PER 
(Pierce Biotechnology) supplemented with a cocktail of protease inhibi-
tors (Complete Mini; Roche Diagnostics). The samples were spun for 5 
minutes at maximum speed, and supernatants were collected for analysis. 
Quantikine ELISA kits for MIP-2, KC, and	G-CSF were used according to 
the manufacturer’s protocol (R&D Systems).

Statistics. Results are expressed as mean ± SEM. Data were analyzed by 
prism software and significance values assigned using 2-tailed Student’s t 
test. P < 0.05 was considered to be statistically significant.
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