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Although platelet-activating factor (PAF) is a well-known acute
inflammatory mediator, little is known regarding the role of PAF
in chronic inflammation. Phorbol esters are known to stimulate
PAF production. Moreover, the ability of repeated applications of
phorbol esters to induce a sustained inflammatory response is
crucial to their tumorigenic activity. We therefore examined
whether PAF acts as a mediator of phorbol ester-induced inflam-
mation and tumorigenesis. While PAF receptor knockout mice
(PAFR (2/2)) showed an expected but modest reduction in the
acute inflammatory response to phorbol 12-myristate 13-acetate
(PMA), these mice exhibited a surprising increase in inflamma-
tion following chronic PMA application. This increased inflam-
mation was documented by a number of findings that included:
increased skin thickness, increased myeloperoxidase activity and
expression and increased expression of known inflammatory
mediators. Interestingly, vehicle-treated PAFR(2/2) mice also
exhibited modest increases in levels of inflammatory markers.
This suggests that the platelet activating factor receptor (PAFR)
acts to suppress chronic inflammation in response to other stimuli,
such as barrier disruption. The idea that chronic PAFR activation
is anti-inflammatory was documented by repetitive topical PAFR
agonist administration that resulted in reduced myeloperoxidase
activity in skin. We next utilized a 7,12-dimethylbenz(a)anthra-
cene/PMA carcinogenesis protocol to demonstrate that PAFR
(2/2) mice exhibit significantly increased tumor formation and
malignant progression compared with wild-type control mice.
These studies provide evidence for two important, unexpected
and possibly interrelated pathological roles for the PAFR: first,
the PAFR acts to suppress PMA-induced chronic inflammation;
secondly, the PAFR acts to suppress neoplastic development in
response to chemical carcinogens.

Introduction

Platelet-activating factor (PAF) is a glycerophospholipid hormone
that is synthesized by a wide variety of immune and non-immune
cells in response to diverse stimuli (1). Numerous studies have de-
tailed the important role that PAF plays as a positive mediator of acute

inflammation, anaphylaxis and shock (1,2). PAF can be synthesized
enzymatically through two distinct pathways: the first involves
de novo synthesis of PAF from alkyl-acetylglycerol and the second
occurs via transacetylation of lyso-PAF by the remodeling pathway
(3,4). Once PAF is produced, its pro-inflammatory activities are
mediated by binding to the platelet activating factor receptor (PAFR),
a seven transmembrane G protein-coupled receptor expressed on
a host of different cell types, including keratinocytes (1,5). The ability
of PAF to promote inflammatory responses is due in part to its capac-
ity to induce the expression of a variety of inflammatory mediators,
such as interleukin (IL)-1, IL-6, IL-8 (CXCL8) and cyclooxygenase
2 (COX-2) (6–8) and to promote chemotaxis and activation of
leukocytes (9,10). The importance of the PAFR in mediating acute
inflammatory reactions, particularly type I hypersensitivity reactions,
has been validated in transgenic mouse models (11,12).

Although there is wide-spread acceptance that PAF acts as a potent
pro-inflammatory mediator, there have been several recent studies
suggesting that PAF may play a more complex role in regulating
the immune response. First, several groups have demonstrated that
PAFR activation is necessary for ultraviolet B (UVB)-induced
suppression of delayed type hypersensitivity responses (13,14).
Second, in a study using an implanted sponge angiogenesis assay,
PAFR knockout mice were shown to exhibit a paradoxical increase
in the production of neutrophil and macrophage chemokines CXCL2
and CCL2 (15). Finally, a recent report indicates that systemic PAF
treatment immediately after lipopolysaccharide challenge protected
mice from endotoxic shock (16). This protection correlated with
decreased production of proinflammatory cytokines. However, it
should be noted that this study appears to conflict with other murine
studies (11,12).

The ability of phorbol esters and other tumor promoters to induce
chronic inflammation and increased oxidative stress are thought to be
important in mediating their pro-neoplastic actions (17,18). Impor-
tantly, phorbol esters have been shown to activate both the de novo
and the remodeling pathway of PAF synthesis (19,20). Moreover,
phorbol esters can elicit a pronounced oxidative stress response in
skin (21), and various oxidative stressors can induce non-enzymatic
production of oxidized glycerophosphocholine (ox-GPCs) species
with PAFR ligand activity (22). Thus, we hypothesized that phorbol
ester tumor promoters would induce PAF production in murine skin
and that this increased PAF production could then mediate many of
the pro-inflammatory actions of phorbol ester application. This idea is
supported by a previous study that demonstrated that a PAFR antag-
onist could inhibit the acute inflammatory response elicited by a single
application of PMA (23). Thus, insofar as PAF is an important
mediator of cutaneous inflammation and T-cell-mediated immune
responses, we were interested in determining what role, if any, the
PAFR plays in regulating PMA-induced tumor promotion.

In models of cutaneous carcinogenesis, a number of specific
inflammatory changes have been described that provide a microenvi-
ronment favorable for epidermal neoplastic development. First,
granulocyte and monocyte infiltration has been shown to be essential
for cutaneous carcinogenesis (24,25). This could be due in part to the
leukocyte oxidative burst leading to oxidative DNA damage in adja-
cent epithelial cells (26,27). In mice, this leukocyte-rich inflammatory
infiltrate has been shown to be controlled by specific chemokines, in
particular CXC chemokines containing a conserved glutamate–
leucine–arginine (ELRþ) motif, such as CXCL1-3 [or growth-related
oncogenes (Gro-a, -b or –c)] and CXCL5 [epithelial-derived
neutrophil-activating peptide 78 (ENA-78)] (28,29). Of note, ELRþ
chemokine (C-X-C motif) ligand (CXCL) chemokines have been
shown to exert their chemotactic activity by binding primarily through
the CXC chemokine receptor 2 (CXCR2) receptor (28).
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Given that PMA is known to stimulate PAF production and that
PMA induces a pronounced inflammatory effect, we sought to
determine whether PAF mediates PMA-induced inflammatory re-
sponses. Our studies were surprising in that while PAFR knockout
mice exhibit a reduction in PMA-induced acute inflammation, these
mice were predisposed to develop an increase in chronic inflammation
elicited by repetitive PMA applications. In additional studies, we
provide compelling and surprising evidence that the PAFR may act
to suppress tumor formation in response to chemical carcinogenesis.

Materials and methods

Reagents and Chemicals

PMA and caspase-(Glo) (R) 3/7 activity assay kit was purchased from
Promega, Madison, WI. 7,12-dimethylbenz(a)anthracene (DMBA) was from
Acros Organics, Fair Lawn, NJ. All murine PCR primers, first-strand synthesis
kits and SYBR Green quantitative RT-PCR reagents were purchased from
SuperArray Bioscience Corp (Frederick, MD). Carbamoyl-PAF (CPAF) was
obtained from Sigma–Aldrich (St Louis, MO).

Animals

PAFR knockout (PAFR(�/�) in the C57Bl/6 background were originally
obtained from Dr Satoshi Ishii (Department of Biochemistry and Molecular
Biology, Faculty of Medicine, The University of Tokyo) as described
previously (23). Age (8–12 week)-matched PAFRþ/þ C57BL/6 [wild-type
(WT)] were used as controls (The Jackson Laboratories, Bar Harbor, ME).
SKH-1 hairless, albino mice were obtained from Charles Rivers (Wilmington,
MA). Mice were housed under specific pathogen-free conditions at the Indiana
University School of Medicine. All procedures were approved by the Animal
Care and Use Committee of Indiana University School of Medicine.

Lipid extraction and intracellular calcium measurements

PAFR ligand production in mouse epidermis was assessed in mice treated
topically with PMA or vehicle under anesthesia as described in the legend
for Figure 1. After removing the epidermis by curettage, lipid extracts were
prepared and assessed for PAFR ligand activity as previously detailed (30,31).

PMA-induced changes in ear thickness

The left ear of female WT C57BL/6 (WT) or PAFR (�/�) mice was treated
with PMA and the right ear with vehicle 3 times a week (days 0, 2, 4, 7, 9, 11,
14 and 16). Ear thickness was measured in anesthetized mice using a constant
pressure analog thickness gage (Peacock Model G, 0.4 N) on the days as
indicated in Figure 2. For days in which the mice received PMA treatments,
ear thickness was measured just prior to the treatments.

PMA-induced inflammation in dorsal epidermis

The back skin of female WT or PAFR (�/�) mice was shaved and treated with
40 nM PMA in 0.2 ml acetone: olive oil in 1:1 ratio or vehicle twice a week for

3 weeks under anesthesia. On day 18, the mice were killed and the treated
dorsal epidermis was excised for skin thickness measurements, myeloperox-
idase (MPO) expression and MPO and N-acetyl-ß-D-glucosaminidase (NAG)
activity assays as described in the figure legend (Figure 3) and below.

MPO activity assay

Whole skin was collected in 0.5% hexadecyltrimethylammonium bromide
(cetrimide) (Sigma, St Louis, MO) in 50 mM phosphate buffer, homogenized
and centrifuged, and supernatants were collected. MPO activity was assessed
in 10 ll of supernatant over a 5 min period at 450 nm as previously described
(25). The data are expressed as mean units of MPO activity normalized by total
protein content per experimental group.

NAG activity assay

For NAG assays, whole skin tissue was collected in Drabkin reagent (Sigma)
and tissue homogenates were assessed for NAG activity in the presence of
b-N-acetylglucosaminidase (Sigma) as previously described (32). The data
expressed as mean units of NAG activity normalized by total protein content
per experimental group.

RNA isolation and quantitative RT-PCR

A segment of mouse skin stored in RNA later was removed and RNA isolation
was performed using an RNeasy kit (Qiagen) according to the manufacturer’s
protocol. Following first-strand DNA synthesis, quantitative RT-PCR was per-
formed using primers specific to murine MPO, CxCL2, CxCL3, CxCL5,
CxCR2, COX-2, IL-12a, tumor necrosis factor a (TNFa) and glyceraldehyde
3-phosphate dehydrogenase with a StepOneTM real-time PCR instrument
(Applied Biosystems, Foster City, CA). Results were normalized to glyceral-
dehyde 3-phosphate dehydrogenase using the DDCt method (33).

Chemical carcinogenesis

For two-stage chemical carcinogenesis studies, the dorsal skin of C57Bl/6 WT
mice and PAFR (�/�) mice were shaved and then treated with 100 lg of
DMBA followed 1 week later by biweekly treatments with 40 nM of PMA
[in 0.2 ml acetone: olive oil (1:1 ratio)] as previously described (34). These
studies utilized relatively high doses of both DMBA and PMA since C57Bl/6
mice are relatively resistant to chemical tumorigenesis (34). For tumor count-
ing, tumors . 1 mm in greatest diameter that persisted for .2 weeks were
counted on a weekly basis. After 25 weeks of PMA treatment, mice were
killed and tumor size (size at greatest dimension) was measured for each
tumor. Tumors from WT and PAFR(�/�) mice were formalin fixed and
paraffin-embedded. Formalin fixed and paraffin-embedded tumor sections
were stained with H & E and the tumor type was assessed in blinded fashion
by a board-certified dermatopathologist.

Statistical analysis

Statistical significance was assessed by Prism 5.0 software (Graph Pad
Software, San Diego CA) and significance was set as P , 0.05.
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Fig. 1. PMA treatment induces PAF-ligand activity in murine skin. The
shaved dorsal skin of mice was treated with 40 nM of PMA in 0.2 ml in
acetone/olive oil or vehicle (VEH). Two days later, PMA or VEH was
reapplied. One hour after the second PMA or VEH application, the mice were
killed and the treated skin excised. Whole skin lipid extracts were then
prepared as described in the Materials and method section. Lipid extracts
from 10 mg tissue were then tested for PAFR agonist activity using KB
epidermoid carcinoma cells stably overexpressing the PAFR (KBP cells).
Intracellular calcium mobilization was plotted as a percentage of the peak
calcium response elicited by 1 lM of the stable PAFR ligand, CPAF. Results
represent the mean þ SD of calcium mobilization data obtained from lipid
extracts of five different mice per treatment group. ��, P , 0.01 compared
with VEH, two-tailed t-test.
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Fig. 2. PAFR (�/�) mice exhibit enhanced chronic inflammation following
repetitive PMA application. One ear of WT C57Bl/6 mice (WT; triangles) or
PAF-R (�/�) mice (circles) were treated with 10 lg of PMA in 20 ll of
acetone or vehicle (VEH) alone 3 times a week (arrows) for 16 days. Ear
thickness was measured on the indicated days with a constant pressure
analog thickness gage (Peacock Model G, 0.4 N). After subtracting the
thickness of the VEH-treated ear, the PMA-induced increase in ear thickness
was plotted. Results represent the mean and standard error of the mean of
three independent experiments with a total of n 5 8–11 mice per group.
(��, P , 0.01; ���, P , 0.001: 2-tailed t-test).
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Results

PMA induces PAFR ligand activity in mouse skin

We first verified that PMA could induce the production of PAFR
ligands in mouse epidermis. In Figure 1, we show that a double ap-
plication of PMA on mouse skin induces a marked increase in PAFR
ligand activity. PAFR ligand activity was assessed by measuring the
ability of mouse skin lipid extracts to induce a calcium mobilization
response in KB epidermoid carcinoma cells that overexpress
the PAFR (KBP cells) (30,31). Importantly, lipid extracts from
PMA-treated mouse skin was unable to induce intracellular calcium
mobilization in KBM cells that lack PAFR expression (data not
shown).

PAFR (�/�) mice exhibit a reduction in acute inflammation but
exhibit an increase in chronic PMA-induced inflammation following
repetitive PMA applications

We next examined whether loss of the PAFR altered PMA-induced
inflammatory responses. In particular, we wished to examine the
role of the PAFR in regulating longer term inflammatory effects that
are elicited by multiple PMA applications. For our initial studies, we
utilized a mouse model of ear inflammation reported by Waskow et al.
(9). Similar to the pattern of inflammation observed by Waskow’s
group, we observed that PMA applications to our WT mice induced
an acute inflammatory phase that peaked at 5 days (Figure 2). This
acute inflammatory phase was followed by partial resolution and then
a sustained chronic inflammatory phase. Given that the PAFR is
known to be coupled to acute inflammatory effects, we expected that
inflammation would be reduced in the PAFR (�/�) mice during
the first 5 days of PMA treatment. Indeed, the PAFR (�/�) mice
exhibited a statistically significant but modest reduction in the

PMA-induced acute ear thickness changes. This is consistent with
our previous study which demonstrated that a PAFR antagonist could
inhibit the acute edema response elicited by a single application of
PMA (23). However, the PAFR (�/�) mice unexpectedly failed to
show any significant resolution of the initial acute inflammatory re-
sponse and progressed directly into a stable chronic inflammatory
phase that was increased roughly 2-fold relative to WT mice.

We next examined whether repetitive PMA application could in-
duce an increase in chronic inflammation in the dorsal epidermis of
PAFR knockout mice. We observed that loss of the PAFR was asso-
ciated with a significant increase in skin thickness following repetitive
PMA applications (Figure 3A). To determine whether this increase in
skin thickness was due to increased inflammatory cell infiltrate rather
than simply increased edema, we assessed leukocyte MPO mRNA
expression and activity (26). In Figure 3B and C, we show that loss
of the PAFR was associated with a statistically significant increase in
MPO mRNA expression and MPO activity. We also measured the
activity of another leukocyte marker that is more specific for macro-
phages, NAG (32). As with MPO, loss of the PAFR was associated
with an augmented PMA-induced induction of NAG activity
(Figure 3D).

PAFR knockout mice treated chronically with PMA exhibit increased
expression of a number of chemokines associated with leukocyte
infiltration

Given the increase in inflammation in PAFR (�/�) mice treated
chronically with PMA, we sought to determine whether ELRþ
CXC chemokines and the ELRþ CXC chemokine receptor (CXCR2)
were upregulated in PAFR (�/�) mice. In Figure 4A–C a statistically
significant increase in CXCL-2, CXCL-3 and CXCL-5 expression
was seen in PAFR (�/�) mice relative to WT mice after 3 weeks
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Fig. 3. PAFR (�/�) mice treated for 3 weeks with PMA exhibit increased skin thickness as well as increased MPO and NAG expression and/or activity relative to
WT mice. The dorsal epidermis of WTor PAFR (�/�) mice were treated with vehicle (VEH) or 40 nm of PMA twice weekly for 17 days. On day 18, the mice were
killed and the treated dorsal epidermis excised. (A) Excised dorsal skin was bisected at the midline overlying the spinal column and frozen in liquid nitrogen.
Midline skin thickness was measured using digital calipers at five different locations. (B) Quantitative RT-PCR for MPO expression normalized to glyceraldehyde
3-phosphate dehydrogenase expression. (C) MPO activity measured in dorsal skin extracts. (D) NAG activity measured in dorsal skin extracts. In A and B, data are
shown as the mean ± SEM of n5 4 to 5 mice per group performed over two separate experiments. In C and D, data are shown as the mean ± SEM of three mice per
group performed as a single experiment. (�, P , 0.05; ��, P , 0.01; ���, P , 0.001, 2-tailed t-test).
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of PMA treatment. This was associated with a similar PMA-induced
increase in the expression of the ELRþ CXC chemokine receptor,
CXCR2 (Figure 4D).

We next examined whether loss of the PAFR would alter the
PMA-induced expression of known primary mediators of inflamma-
tion. TNFa, COX-2 and IL-12 are pro-inflammatory mediators that
are known to be induced by acute PAF ligand exposure (6,7,35,36).
Thus, based on previous reports, it would be expected that these
inflammatory mediators would be reduced in PMA-treated PAFR
(�/�) mice relative to WT controls. However, neither of these
cytokines were reduced in PMA-treated PAFR (�/�) mice (Figure 5).
In contrast, there was a trend toward increased expression of these
pro-inflammatory mediators in PMA-treated PAFR (�/�) mice
relative to WT mice.

The above data indicates that mice lacking the PAFR exhibit
increased inflammation in response to PMA. However, PAFR (�/�)
mice treated with vehicle alone also exhibited a statistically significant
increase in skin thickness (Figure 3A) and NAG activity (Figure 3D)
relative to WT controls. In addition, while statistically insignificant,
modest increases in MPO mRNA expression and activity (Figure 3B
and C), CXCL-3 and 5 (data not shown) and CXCR2 (data not shown)
were also noted in vehicle-treated knockout mice relative to control
mice. In Figure 6A and B, we show that CC-chemokine receptors 5
and 7 are also significantly upregulated in vehicle-treated PAFR(�/�)
mice relative to WT controls. PMA treatment also induced a further
increase in the expression of these two inflammatory cell receptors
(Figure 6A and B). C-C chemokine receptor type 7 is expressed on
memory T cells and dendritic cells and metastatic tumor cells and is
important in regulating lymph node trafficking of these cells (37,38).
C-C chemokine receptor type 5 is a marker of CD4þ natural regulatory
T cells (nTreg), Th1 T cells, monocytes, macrophages, NK cells and
dendritic cells (39,40). Importantly, we did not note a significant change
in skin thickness in WT relative to PAFR (�/�) mice in the absence of
any topical treatment (data not shown). This suggests that the repetitive
vehicle (acetone þ olive oil) treatments alone induced inflammation
that was augmented by loss of PAFR signaling. This is consistent with
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Fig. 4. PAFR (�/�) mice treated for 3 weeks with PMA exhibit augmented expression of ELRþ CXC chemokines and the CXCR2 receptor. WT and PAFR (�/�)
mice were treated with vehicle or PMA as in Figures 2 and 3. After total RNA was extracted from treated mouse skin, quantitative RT-PCR was performed for the
following: (A) CXCL-2, (B) CXCL-3, (C) CXCL-5, and (D) CXCR-2. After normalizing for glyceraldehyde 3-phosphate dehydrogenase expression and
subtracting the relevant vehicle-treated controls, the data are shown as the PMA-induced change in expression. The data represents the mean ± SEM of two
(CXCL2) or three separate experiments (CXCL-3, 5 and CXCR2) of 3–5 mice per group. �, P , 0.05, ��, P , 0.01, 2-tailed t-test.
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a decrease in primary cytokine production. PMA or vehicle (VEH) was
topically applied for 17 days as described in Figures 2–4. On day 18, the mice
were killed and treated dorsal epidermis excised and RNA was extracted.
Quantitative RT-PCR was performed to assess the expression of
inflammatory cytokines: (A) TNFa, (B) COX-2, and (C) Interleukin
12 (IL-12) by quantitative RT-PCR and normalized with glyceraldehyde
3-phosphate dehydrogenase as endogenous control using the DDCT
method. Results are expressed as the mean ± SEM of n 5 3 to 6 mice per
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studies showing that organic solvents, such as acetone are
pro-inflammatory when applied topically, presumably due to loss
of epidermal barrier function (41,42). Collectively, these data raised
the possibility that repetitive PAFR activation may act more broadly
to suppress chronic inflammation. To further explore whether chronic
and repetitive PAF-R activation can suppress chronic dermal
inflammation, we treated WT and PAFR (�/�) mice with the stable
PAF-R agonist CPAF (Figure 6C and D). We first showed that topical
CPAF treatment (20 ll of 0.1, 0.3 or 1 mM CPAF in acetone) to mouse
ears resulted in a dose-dependent and statistically significant increase in
ear thickness at 2 h post-application for each dose (Figure 6C). This
response was not observed in PAFR(�/�) mice. Using the middle dose
to avoid receptor desensitization, we then show that chronic treatment
of SKH-1 hairless mouse skin with CPAF resulted in a significant
reduction in cutaneous MPO activity in these mice (Figure 6D).

PAFR knockout mice exhibit increased cutaneous non-melanoma skin
cancer formation following a two-stage chemical carcinogenesis
protocol

The above studies show that PAFR knockout mice exhibit a paradox-
ical increase in inflammation following chronic application of the
tumor promoter PMA. Previous studies have demonstrated that
persistent inflammation plays an important role in chemical and
UVB-induced cutaneous carcinogenesis (25). We therefore examined
whether loss of the PAFR would result in altered chemical carcino-
genesis using the two-stage DMBA/PMA chemical carcinogenesis
model. In Figure 7A, we show that PAFR (�/�) mice exhibit
a roughly 2-fold increase in tumor multiplicity compared with WT
mice. In Figure 7B, tumor incidence data is shown: PAFR (�/�) mice
showed a trend toward earlier tumor appearance and a modest 14%
increase in the maximal percentage of mice with tumors at the study
conclusion (80 versus 94%; WT versus PAFR(�/�)). Interestingly,

PAFR (�/�) mice also exhibited a statistically significant increase in
larger tumors (tumors . 6 mm in greatest dimension represented
26.8% of the tumors in the PAFR (�/�) mice versus 0% in the WT
mice) (Figure 7C). This increase in tumor size was associated with an
increased frequency of malignant conversion in the PAFR (�/�) mice
(Figure 7D): 32.3% of the tumors from PAFR (�/�) mice were
classified as well-differentiated squamous cell carcinomas (SCCs).
In contrast, only a single SCC was observed in the WT control mice
(0.6% of WT tumors). This low rate of malignant conversion in the
WT mice is consistent with previous studies, in which SCC’s occur at
low frequency prior to 25 weeks of treatment in C57Bl/6 mice
(43,44). Figure 7E and F shows representative images of tumors in
WT and PAFR (�/�) mice.

Given that our data show that PAFR (�/�) mice develop a greater
number of tumors, we were interested in determining whether loss of
the PAFR altered tumor proliferation, PMA-induced hyperplasia or
the apoptotic response to DMBA-induced DNA damage. However,
we did not detect any significant increase in tumor proliferation
(Supplementary Figure 1A, available at Carcinogenesis Online) or
PMA-induced hyperplasia (Supplementary Figure 1B, available at
Carcinogenesis Online). Nor did we detect a significant change in
apoptosis at 24 and 48 h following a single DMBA application
(Supplementary Figure 2A and B is available at Carcinogenesis
Online).

Discussion

Studies over many decades have provided a wealth of data demon-
strating a pro-inflammatory role for PAF in acute inflammation. More-
over, studies in keratinocytes have shown that acute activation of the
PAFR results in increased production of pro-inflammatory mediators
TNFa, IL8 (CXCL-8), CXCL1-3 and COX-2 (6,7). Paradoxically, our
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Fig. 6. Both vehicle and PMA treatment promote increased C-C chemokine receptor type 5 (CCR5)/C-C chemokine receptor type 7 (CCR7) expression in PAFR
(�/�) mice while chronic CPAF treatment suppresses MPO activity in hairless mice. (A–C) PMA or VEH were topically applied to WT or PAFR (�/�) mice as
described in Figure 5. The mRNA expression of (A) CCR7 or (B) CCR5 were then determined by quantitative RT-PCR and normalized to 18S rRNA expression.
�, P , 0.05; ��, P , 0.01: 2-sided t-test. (C) WT or PAFR (�/�) mice were treated with 20 ll of VEH (acetone) on the right ear and 20 ll of a 0.1, 0.3 or 1 mM
solution of CPAF in acetone to the left ear. After 2 h, ear thickness was measured as described in Figure 2. CPAF-induced acute edema responses as the increase in
ear thickness are shown. Results are the mean þ SEM of n 5 8 (0.1 and 0.3 mM) or three mice (1 mM) per treatment group. ���, P , 0.001: 2-sided t-test. (D)
SKH-1 hairless mice were treated six times (days 0, 3, 7, 10, 14, 17) with 0.1 ml of 0.3 mM CPAF or VEH over their dorsal epidermis. On day 18, the mice were
euthanized and MPO activity was measured in the treated skin as described in Figure 3. Results are mean þ SD of MPO activity determined in three mice per
group.
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data indicate that loss of the PAFR results in increased inflammation
in the setting of chronic PMA application and possibly barrier disrup-
tion. To verify that chronic activation of the PAFR could suppress
inflammation, we also show that repetitive CPAF application also
suppresses cutaneous inflammation. Our study is the first to provide
definitive evidence that PAF may act to suppress chronic inflamma-
tion mediated by leukocytes of the innate immune system. These
findings are distinct from previous reports that PAF is necessary for

UVB-induced suppression of T cell-mediated immune responses
(13,14,45). Thus, our data provides strong evidence that PAF may
serve a more complex role in modulating innate immune responses
than previously believed.

The idea that PAF might suppress innate immune responses is
supported by a report that intraperitoneal injection of PAF rescues
mice from shock and death due to lethal doses of bacterial lipopoly-
saccharide (16). This activity was shown to be associated with

Fig. 7. PAF-R (�/�) mice show increased susceptibility to two-stage chemical carcinogenesis. WT or PAFR (�/�) mice were treated with DMBA followed by
twice weekly applications of PMA for a total of 25 weeks. (A) Tumor multiplicity (mean ± SD per mouse) at each week are shown (���, P, 0.001; 2-way analysis
of variance). The solid (PAFR (�/�)) and dotted (WT) lines represent Boltzmann sigmoidal curve fits for each genotype (Graph Pad Prism 5.0 Software). In
addition, PAFR (�/�) mice exhibited significantly greater tumor multiplicity by 2-sided t-tests at weeks 20, 22–25 (P, 0.05 at each time point). (B) The percent
of mice with at least one tumor as a percent of the total mice in each genotype at each week is shown (���, P, 0.001; 2-way analysis of variance). (C) Tumor size
(size at greatest dimension) was measured for each tumor. Tumors were separated into bin sizes from � 1 to � 8 mm and plotted as the percent of the number of
tumors in each bin size relative to the total tumor count. Insert: contingency table showing the number of tumors � 6 mm or , 6 mm in greatest diameter for
each genotype. The data in A–C represent the combined data of two independent experiments totaling n5 15 (WT) or n5 16 (PAFR (�/�)) mice. (D) Tumors in
H & E stained sections were classified as either papillomas or SCCs by a dermatopathologist. PAFR (�/�) mice exhibit increased percentages of invasive SCCs
relative to WT mice. (E and F) Representative photographs of WT and PAFR (�/�) mice following a two-stage chemical carcinogenesis protocol.
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decreased production of pro-inflammatory mediators, such as inter-
feron gamma, IL-1 and TNFa but increased production of IL-10.
Thus, while this study did not clearly implicate suppression of the
innate immune response as the cause of the decreased mortality, it
does provide additional support for the idea that PAF may exhibit
anti-inflammatory effects on innate immune responses under some con-
ditions. Finally, our data demonstrating a role for the PAFR in suppress-
ing the expression of pro-inflammatory ELRþ CXC chemokines in
a model of chronic inflammation is supported by a recent study using
a model of sponge-induced angiogenesis (15). In this study, mice lack-
ing the PAFR demonstrated increased angiogenesis, along with
increased expression of CXCL-2 and chemokine (C-C motif) ligand 2
chemokines at 10–14 days post-sponge implantation. As in our study,
they also demonstrated a slight but statistically insignificant increase in
TNFa expression in PAFR (�/�) mice. However, they noted that loss
of the PAFR resulted in decreased MPO and NAG activity over the 14
day study. Given the differences in the model system, this suggests that
the ability of the PAFR to regulate chronic inflammatory cell infiltrates
is context or tissue dependent. Interestingly, in addition to increased
inflammation following chronic PMA exposure, we also note that
vehicle-treated PAFR (�/�) mice also exhibit evidence of increased
inflammation. Given that repetitive acetone treatment stimulates inflam-
mation due to persistent epidermal permeability barrier disruption
(41,42), this suggests that the ability of chronic PAFR activation to
suppress chronic inflammation is not limited to phorbol ester-mediated
effects alone. This idea is further supported by the decrease in MPO
activity that we observed in a hairless mouse strain treated with
repetitive PAFR agonist applications.

Given that loss of the PAFR was associated with an augmented
inflammatory response to chronic PMA application, we next exam-
ined the role of the PAFR in a two-stage chemical carcinogenesis
protocol. Thus, the second major finding of our studies is that loss
of the PAFR is associated with increased chemical carcinogenesis,
marked by increased tumor burden, tumor size and malignant
progression. Although the mechanisms for the increase in chemical
carcinogenesis in the PAFR (�/�) mice are unclear, the increase in
chronic inflammation in the PAFR (�/�) mice following PMA appli-
cation likely plays a key role. In this regard, it is interesting that
a constitutive promoter phenotype is seen in transgenic mouse models
with overexpression of other pro-inflammatory mediators, such as
COX-2. In this case, transgenic mice exhibit increased tumorigenesis
following DMBA treatment alone (46,47). Thus, future studies exam-
ining whether PAFR(�/�) mice exhibit increased tumorigenesis
following DMBA application alone would be informative. However,
it is important to note that in models such as the COX-2 transgenic
mice, these mice exhibit baseline increases in inflammation and epi-
dermal hyperplasia. This does not appear to occur in PAFR(�/�)
mice in the absence of a pro-inflammatory physiological trigger
(e.g. barrier disruption from acetone vehicle treatment) or chemical
trigger (PMA application). Finally, it should be noted that there are
numerous studies linking changes in PAF production or PAFR expres-
sion with the presence of neoplastic disease (48–50). In addition,
other studies have also shown that exogenous PAF regulates the be-
havior of existing tumors or tumor cells: PAF has been shown to
stimulate tumor growth (51), differentiation (51), angiogenesis (52),
motility and metastatic behavior (53). However, none of these studies
directly address the role of PAFR activation on the process of de novo
tumor formation.

Inasmuch as the previous studies described above do not directly
implicate PAF in the process of tumorigenesis, a recent study by
Sreevidya et al. (54) is perhaps more relevant to our current findings.
In this study, the PAFR antagonists, PCA-4248 and CV-3988, were
reported to suppress UVB-induced tumor incidence and also to sup-
press continued tumor formation following removal of the UVB irra-
diations (54). In addition, they also noted that UVB-induced apoptosis
was suppressed by PAFR antagonist treatment (54). Interestingly, we
did not see a change in DMBA-induced apoptosis in mice lacking the
PAFR. What could account for the discordance between these
pharmacological studies and our current study? A trivial explanation

for the differences with our data may be that these studies utilized
different carcinogenesis protocols (UVB versus chemical carcinogen-
esis). In addition, Sreevidya et al. (54) counted only histologically
confirmed SCCs but not papillomas. Thus, it is impossible to deter-
mine whether the total tumor burden (papilloma and SCC) were
altered by PAFR antagonist treatment. Nonetheless, our data indicate
that progression to SCC was significantly increased in our chemical
carcinogenesis protocol. Another explanation for the discordant re-
sults would be that the PAFR antagonists exhibited off target effects. It
should be noted that all the effects seen using PCA-4248 and CV-3988
were also seen using a serotonin receptor antagonist (54,55). In addi-
tion, PCA-4248 is a dual PAFR and serotonin receptor antagonist (56);
thus, it is unclear whether the effects of PCA-4248 were due to its PAFR
or serotonin receptor antagonist activity. Alternatively, we cannot
exclude the possibility that germ-line deletion of the PAFR results in
a compensatory adaptive change in these mice that predispose them to
increased inflammatory reactions and increased tumor formation in
response to phorbol esters. Additional ongoing studies using pharma-
cologic PAFR ligands in WT and PAFR (�/�) mice should provide
crucial data to support the idea that the PAFR exhibits
anti-inflammatory activity and suppresses tumorigenesis in response
to chemical carcinogens. In addition, it will be of interest to determine
whether genetic loss of the PAFR alters UVB-induced tumor formation.

In conclusion, we provide important data suggesting two novel
and important functions for PAF in cutaneous pathophysiology.
First, mice lacking the PAFR exhibited an increase in PMA-induced
chronic inflammation. This observation runs counter to the well-
known effects of PAF on acute inflammation. In addition, knockout
mice exhibited increased tumorigenesis in response to a two-stage
chemical carcinogenesis protocol.

Supplementary material

Supplementary Figures 1 and 2 can be found at http://carcin.
oxfordjournals.org/
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