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cellular characteristics. Importantly, heparanase of epi-
dermal origin appears to facilitate abnormal activation of 
skin-infiltrating macrophages, thus generating psoriasis-
like inflammation conditions, characterized by induction of 
Stat3, enhanced NF-κB signaling, elevated expression of 
tNF-α and increased vascularization. taken together, our 
results reveal, for the first time, involvement of heparanase 
in the pathogenesis of psoriasis and highlight a role for 
the enzyme in facilitating abnormal interactions between 
immune and epithelial cell subsets of the affected skin. 
heparanase inhibitors (currently under clinical testing in 
malignant diseases) could hence turn highly beneficial in 
psoriatic patients as well.

Keywords heparanase · Inflammation · heparan sulfate · 
Psoriasis

Introduction

Psoriasis is a common chronic inflammatory skin dis-
ease of unsolved pathogenesis. Skin of psoriatic patients 
is characterized by well-demarcated erythematous lesions 
with specific histopathological features, including epi-
dermal hyperplasia, increased dermal angiogenesis, and 
dense infiltrates of immunocytes [1, 2]. Psoriatic plaques 
are dominated by t lymphocytes as well as innate immune 
cells such as dendritic cells and macrophages [3–6]. Cross-
talk between immunocytes and keratinocytes, which results 
in the production of cytokines, chemokines, and growth 
factors, is thought to mediate the disease. the infiltrating 
immune cells generate inflammatory cytokines that can 
enhance expression of MhC II, adhesion and co-stimula-
tory molecules, angiogenic and growth promoting factors 
by keratinocytes, further facilitating pathologic interactions 
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between immune and epithelial compartments of the 
affected skin [2]. Important advancements have been made 
in deciphering the role of growth factors (e.g., VeGF, FGF, 
KGF), inflammatory cytokines (e.g., tNF-α, IFN-γ, IL-12, 
IL-17, IL-23) and their downstream transcription factors 
(NF-κB, Stat) in the crosstalk between immune and epi-
thelial cells that underlies the pathogenesis of psoriasis 
[2, 6]. Much less is known about the role of the extracel-
lular matrix (eCM) and its enzymatic degradation in this 
crosstalk.

heparanase is the sole mammalian endoglycosidase 
that cleaves heparan sulfate (hS), the key polysaccharide 
of the eCM and basement membranes. heparan sulfate is 
a ubiquitous macromolecule associated with the cell sur-
face and eCM of a wide range of tissues and organs. By 
interacting with eCM protein components, hS contributes 
to the self-assembly and structural integrity of the eCM 
and basement membrane [7, 8]. accumulating evidence 
indicates that hS chains act to preserve proper tissue 
organization and inhibit cellular migration by promoting 
tight cell–cell and cell–eCM interactions [9, 10]. altera-
tions in hS content are characteristic for several inflam-
mation disorders [11, 12], including psoriasis [13, 14]. hS 
is believed to coordinate the inflammatory response at a 
number of levels, interacting with an array of chemokines 
and cytokines (i.e., macrophage inflammatory protein 
(MIP)-1, IL-2, -8, -10), growth factors (VeGF, FGF, 
KGF) and cell-surface molecules (i.e., selectins) [11, 12, 
15, 16].

enzymatic cleavage of hS by heparanase profoundly 
affects a variety of pathophysiological processes [17, 18], 
including inflammation, where heparanase activity was 
often associated with eCM remodeling, immunocyte acti-
vation, and release of chemokines anchored within the 
eCM network and cell surface [12]. Up-regulation of hep-
aranase, locally expressed (i.e., by epithelial cells, vascu-
lar endothelium) at the site of inflammation, was demon-
strated in mouse models of delayed type hypersensitivity 
[19], vascular injury [20], chronic colitis [21], sepsis-asso-
ciated lung injury [22], as well as in several auto-immune 
and auto-inflammatory human disorders, including rheu-
matoid arthritis [23], atherosclerosis [24, 25], and inflam-
matory bowel disease [21, 26, 27]. however, a role for 
heparanase in the pathogenesis of psoriasis has not been 
demonstrated.

Based on the involvement of heparanase in several 
autoimmune disorders mechanistically related to pso-
riasis (i.e., rheumatoid arthritis, inflammatory bowel 
disease [21, 23, 26]), we investigated the biological sig-
nificance of heparanase in the pathogenesis of psoriasis. 
here we report that heparanase is preferentially expressed 
in human psoriatic lesions. Moreover, applying a mouse 
model of cutaneous inflammation induced by topical 

applications of 12-O-tetradecanoyl phorbol 12-myristate 
13-acetate (tPa, a protein kinase C agonist commonly 
used as a non-antigen-dependent chemical stimulator of 
immune cells), we found that heparanase-over-expressing 
Hpa-tg mice (but not their wild-type littermates) develop 
chronic skin inflammation with striking similarities to 
human psoriasis. Our data suggest that in psoriasis hep-
aranase acts through facilitation of pathologic crosstalk 
between keratinocyte and immunocyte communication 
circuits. heparanase over-expression creates psoriasis-like 
phenotype in the mouse skin via generation of inflamma-
tion-preserving conditions, characterized by induction of 
Stat3, enhanced NF-κB signaling and increased vascu-
larization. Furthermore, our data indicate that heparanase-
dependent macrophage activation represents a relevant 
mechanism in the pathogenesis of psoriasis. this involves 
a self-sustained inflammatory circle through which hep-
aranase of epidermal origin facilitates abnormal activation 
of macrophages, which, in turn, preserves chronic inflam-
matory conditions in the skin and in parallel controls fur-
ther production/activation of the enzyme by the epithelial 
compartment.

Materials and methods

Multiple tPa application to mouse skin

Male BaLB/c mice were purchased from harlan Labora-
tories (Jerusalem, Israel). Hpa-tg mice in which transgenic 
heparanase is driven by a constitutive ß-actin promoter 
[28] in a BaLB/c genetic background were bred at the ani-
mal facility of the hadassah-hebrew University Medical 
Center. all mice were kept under conventional pathogen-
free conditions, and all experiments were performed in 
accordance with the hebrew University IaCUC. the tPa 
treatment was based on the previously reported methods 
[29–31]. the dorsal skin of each mouse was shaved 2 days 
prior to the treatment. For the tPa application, the mice 
(n = 6/each group) were treated six times at an interval 
of 48 h with tPa (8.1 nmol in 100 μl acetone; Sigma–
aldrich, St. Louis, MO, USa). the acetone-treated mice 
were used for control.

Measurement of the epidermis thickness 
and histopathological analysis

the back skins of the mice were obtained by 8-mm-diame-
ter punch and fixed with 4 % paraformaldehyde, embedded 
in paraffin, and sectioned at 5-μm thickness. the epidermal 
thickness of skin was measured at five sites of randomly 
selected region utilizing an image analysis system with a 
Zeiss axioscope microscope and Scion Image software. 
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Inflammatory lesions were scored in a blinded fashion by 
expert pathologist (t.N.). the vertical thickness of the epi-
dermis was defined as the distance from the basal layer to 
the stratum corneum.

Skin biopsy specimens from healthy individuals and 
patients with psoriasis were provided by the Department of 
Pathology, hadassah Medical Center, Jerusalem. the use 
of these specimens was exempted from IRB review because 
the study does not meet Common Rule Section 101(b) cri-
teria for “research involving human subjects”. tissue sam-
ples were deidentified making it impossible to trace back to 
the patient’s identity.

antibodies

Immunostaining was carried out with the following anti-
bodies: anti-F4/80 (Serotec); anti-cyclin D1 (thermo Sci-
entific); anti-cathepsin-L (R&D Systems); anti-COX2 
(Cayman); anti-CD31 (Biocare Medical); anti-phospho 
NF-κB p65, anti-pStat3 (Cell Signaling); anti-PCNa (Santa 
Cruz); and anti-heparanase monoclonal antibody 01385-
126, recognizing both the 50-kDa subunit and the 65-kDa 
proheparanase [21, 32], kindly provided by Dr. P. Kussie 
(ImClone Systems Inc., New York, NY, USa).

Immunohistochemistry

Paraffin-embedded slides were deparaffinized and incubated 
in 3 % h2O2. antigen unmasking was carried out by heat-
ing (20 min) in a microwave oven in 10 mM tris buffer 
containing 1 mM eDta. Slides were incubated with pri-
mary antibodies diluted in CaS-Block (Invitrogen) or with 
CaS-Block alone, as a control. appropriate secondary anti-
bodies (Nichirei) were then added and slides incubated at 
room temperature for 30 min. Mousestain kit (Nichirei) was 
used when primary mouse antibodies were applied to stain 
mouse tissues. Color was developed using the DaB sub-
strate kit (thermo Scientific) or Zymed aeC substrate kit 
(Zymed Laboratories), followed by counter staining with 
Mayer’s hematoxylin. Controls without addition of primary 
antibody showed low or no background staining in all cases.

Immunofluorescence

For immunofluorescence analysis, DyLight 488 donkey 
anti-rat and DyLight 549 donkey anti-goat and anti-mouse 
(Jackson Labs) antibodies were used as secondary antibod-
ies. Nuclear staining was performed with 1,5-bis{[2-(di-
methylamino) ethyl]amino}-4,8-dihydroxyanthracene-9, 
10-dione (DRaQ5) (Cell Signaling). Images were captured 
using a Zeiss LSM 5 Confocal microscope and analyzed 
with Zen software (Carl Zeiss).

Determination of vessel density

Blood vessels were visualized by staining with rat anti-
mouse CD31 antibody (Biocare Medical). Zeiss LSM 5 
software (Carl Zeiss Inc.) was used to calculate the pixel 
density of labeled cells per 200 μm2 microscopic field, 
in ten randomly selected microscopic fields of each skin 
sample (four mice/group) and the mean value ± SD was 
determined.

analysis of gene expression by quantitative real-time PCR 
(qRt-PCR)

total RNa was isolated from snap-frozen tissue samples 
using tRIzol (Invitrogen), according to the manufacturer’s 
instructions, and quantified by spectrophotometry. after 
oligo (dt)-primed reverse transcription of 500 ng total 
RNa, the resulting single stranded cDNa was amplified 
using real-time quantitative PCR analysis with an auto-
mated rotor gene system RG-3000a (Corbett Research). 
the PCR reaction mix (20 μl) was composed of 10 μl 
QPCR sybr master mix (takara), 5 μl of diluted cDNa 
(each sample in a triplicate) and a final concentration of 
0.3 μM of each primer. PCR conditions were as follows: 
an initial denaturation step at 95 °C for 10 min; 40 cycles 
of denaturation at 94 °C for 15 s, hybridization at 57 °C for 
30 s, and elongation at 72 °C for 30 s. actin primers were 
used as an internal standard. the following primers were 
used:

Mouse β-actin S:  5′-atG CtC CCC GGG CtG 
tat-3′

aS:  5′-Cat aGG aGt CCt tCt GaC 
CCa ttC-3′

Mouse tNF-α S:  5′-Cat Ctt CtC aaa att CGa 
GtG aCaa-3′

aS:  5′-tGG GaG taG aCa aGG 
taC aaC CC-3′

Mouse IL-12/23p40 S:  5′-Gtt Caa Cat Caa GaG 
CaG taG Ca-3′

aS:  5′-CtG CaG aCa GaG aCG 
CCa tt-3′

Mouse heparanase S:  5′-aCt tGa aGG taC CGC 
CtC CG-3′

aS:  5′-Gaa GCt CtG Gaa CtC 
GGC aa-3′

tNF-α eLISa

tNF-α levels were assayed with eLISa MaX mouse tNF-
α kit (Biolegend).
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Isolation of murine peritoneal macrophages

ten-week-old male C57BL/6 mice were injected i.p. with 
1.5 ml of 4 % thioglycollate (BD Biosciences), and killed 
3 days later. a total of 2.5 ml of DMeM was injected into 
the peritoneal cavity and the peritoneal lavage fluid was 
pooled and centrifuged at 1,000 rpm for 5 min. the pel-
let was resuspended in DMeM supplemented with 1 mM 
glutamine, 50 μg/ml streptomycin, 50 U/ml penicillin and 
10 % fetal calf serum, and the cells were plated for 1 h and 
then washed three times with DMeM to remove non-adher-
ent cells. this procedure yielded cells that were >95 % pos-
itive for F4/80.

Results

Preferential expression of heparanase in human skin 
psoriatic lesions

We applied immunohistochemical staining to examine hep-
aranase expression in skin specimens derived from psori-
atic patients (n = 29) and in control samples derived from 
healthy individuals (n = 7). While heparanase expression 
was practically not detected in healthy skin specimens 
(negative staining in six biopsies and faint staining in one 
biopsy, Fig. 1a, top), in the psoriatic lesions a marked over-
expression of heparanase was detected in 72 % of speci-
mens (Fig. 1a, middle, bottom; Fig. 1b; Chi-square test 
p < 0.001). Of note, epidermal rather than inflammatory 
cells represent the main source of heparanase protein in the 
involved areas (Fig. 1a).

Backing our immunohistochemical findings, sev-
eral microarray studies available at the Gene expression 
Omnibus repository database (i.e., GeO accession num-
bers GDS2518; GDS3539) clearly demonstrate significant 
increase in heparanase (hpse) gene expression in human 
lesional skin. these findings are also consistent with the 
previously reported altered content of hS (enzymatic sub-
strate of heparanase), found in involved psoriatic skin [14].

heparanase over-expression preserves psoriasis-like 
phenotype in mouse skin following tPa application

We next studied the tempo-spatial pattern of heparanase 
expression in the mouse model of chemically induced 
inflammatory reaction in skin. Psoriasis is unique to 
humans, but multiple topical applications of tPa to mouse 
skin has traditionally been used to model some aspects of 
psoriatic disease [29, 30]. Repeated applications of tPa 
have been reported to induce a chronic cutaneous inflam-
mation, characterized by infiltration of the skin with t cells 
and macrophages, and by epidermal hyperplasia [31] which 

returns to the normal values rapidly after the tPa applica-
tion is ended [33].

In our initial experiments tPa was applied six times 
over 14 days to BaLB/c mouse back skin, as indicated in 
Fig. 2a, and described in the “Materials and methods” sec-
tion. Mice were killed on the indicated time points, their 
back skin samples were collected and heparanase expres-
sion was assessed by qRt-PCR and immunostaining. as 
shown in Fig. 2, markedly increased levels of heparanase 
mRNa and protein were detected in the skin (primar-
ily epidermis, Fig. 2b) of tPa-treated mice on experi-
mental day 15, concomitant with the development of 
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Fig. 1  Preferential expression of heparanase in psoriatic lesions. a 
tissue specimens derived from normal skin tissue (top panels), or 
psoriatic patients (middle and bottom panels) were stained with anti-
heparanase antibody (brown staining). Photographs are representa-
tive of seven control and 29 psoriatic samples (original magnifica-
tion ×200). b Specimens were then scored by expert pathologist as 
negatively (gray bars) or positively (black bar) stained for hepara-
nase. Chi-squared analysis confirmed highly statistically significant 
(p < 0.001) prevalence of heparanase over-expression in psoriatic skin 
vs. normal skin tissue
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inflammation, manifested by hyperplasia of the epidermis 
(>threefold increase in epidermal thickness), hyper- and 
para-keratosis, and neutrophil accumulation. however, in 
parallel with the disappearance of inflammatory changes in 
the skin during the following 7 days, as expected based on 
previous reports [31, 33], heparanase expression gradually 
decreased (Fig. 2b, c). We next utilized heparanase trans-
genic (Hpa-tg) mice, along with their wild-type (wt) coun-
terparts, in multiple tPa topical application model. hpa-tg 
mice, overexpressing heparanase in skin, as well as in addi-
tional tissue types (but not in splenocytes) [28] have been 
previously used in studies on the role of heparanase in sev-
eral autoimmune/autoinflammatory conditions [19–21, 23, 
34]. the skin of Hpa-tg mice has normal appearance and 
is characterized by an enhanced hair re-growth [28, 35]. Of 
note, analysis of skin tissue sections immunostained with 
antibodies directed against proliferating cell nuclear antigen 
(PCNa) revealed no differences in proliferation of interfol-
licular keratinocytes between healthy Hpa-tg and wt mice 
(not shown). applying multiple topical tPa challenges (as 
shown in Fig. 2a) in both genotypes, we found prolonged 
skin inflammation with remarkable similarities to human 
psoriasis in Hpa-tg, but not in wt mice. While in tPa-
treated wt mice epidermal hyperplasia and the associated 
fourfold increase in mean epidermal thickness observed 
on day 15 gradually returned to the normal levels within 
6 days, in tPa-treated Hpa-tg mice epidermal hyperpla-
sia and the ~fivefold increase in mean epidermal thickness 
detected on day 15 persisted until day 21 (Fig. 3a, b). In 
vehicle-treated wt and Hpa-tg mice no significant increase 
in skin thickness was observed during the experiment (not 

shown). Importantly, topical application of the anti-inflam-
matory drug betamethasone-17-valerate (BMS), common 
reference compound against psoriasis, markedly reduced 
(>threefold) epidermal hyperplasia in tPa-treated Hpa-tg 
mice on experimental day 21(not shown).

Microscopic examination of the skin samples collected 
on day 21 revealed presence of histopathological features 
characteristic for human psoriatic lesions in Hpa-tg but 
not in wt skin. these changes included hypervascular-
ity (Fig. 3c, d), psoriasiform hyperplasia of the epidermis, 
hyperparakeratosis, loss of the granular layer, and transmi-
gration of polymorphonuclear leukocytes through the reac-
tive epidermis into the parakeratotic scale, resembling for-
mation of Munro microabscesses (Fig. 3e). In addition, on 
day 21, keratinocytes in the Hpa-tg but not wt tPa-treated 
skin were highly positive for cyclin D1 (Fig. 3f), a key cell-
cycle promoting gene, whose induction is characteristic of 
psoriatic lesions [36].

Cyclin D1 is a well-defined target gene of signal trans-
ducer and activator of transcription 3 (Stat3). Impor-
tantly, Stat3 signaling emerged as a critical component 
in the pathogenesis of psoriasis [37, 38]. this notion, taken 
together with the previous reports on activation of Stat3 
in the presence of elevated levels of heparanase [21, 39], 
prompted us to examine Stat3 activation in tPa-treated 
wt and Hpa-tg skin samples. as shown in Fig. 4, a high 
number of cells positive for nuclear-localized pStat3 was 
observed on day 21 in Hpa-tg (Fig. 4 bottom, middle lower 
panel), as compared to wt epidermis (Fig. 4 top, middle 
lower panel). Moreover, applying double-immunofluores-
cent staining with antibody directed against the marker of 
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hyperproliferation PCNa, we demonstrated that Stat3 
activation co-localizes with highly proliferating cells in 
Hpa-tg epidermis (Fig. 4 bottom, right lower panel). these 
findings are in agreement with the proposed role of Stat3 
in enhanced keratinocyte proliferation in psoriatic lesions 
[38].

In addition, qRt-PCR analysis of the tPa-treated skin 
taken from Hpa-tg and wt mice on experimental day 21 
revealed increased levels of mRNa encoding for IL-
12/23p40 (a p40 subunit shared by IL-12 and IL-23) and 

tNF-α, both central components of psoriasis-driving 
cytokine network [6, 40–43] in Hpa-tg skin (Supplemen-
tary Figure 1a, B). Importantly, IL-12, IL-23, and tNF-α 
were shown to induce epithelial Stat3 signaling [44–46], 
providing a mechanistic explanation for the observed 
Stat3 activation in Hpa-tg mice.

tNF-α and IL-23 are important inducers of NF-κB path-
way, and enhanced NF-κB signaling was demonstrated 
in almost all epidermal keratinocytes in human psoriatic 
lesions [47]. In agreement with these notions, marked 

Fig. 3  heparanase over-
expression preserves psoriasis-
like phenotype in mouse 
skin following multiple tPa 
application. Skin samples were 
obtained from wt and Hpa-tg 
mice on experimental days 1 
(prior to tPa application), 15 
and 21 and processed for h&e 
staining and morphometric 
analysis of epidermal thickness 
(a, b). Vascular density was 
determined by (c) immunofluo-
rescent staining with antibody 
directed against CD31 (scale 
bars 200 μm, cell nuclei were 
counterstained with DRaQ5) 
and d quantification of CD31-
positive microvessels, based 
on five sections from four 
independent mice *p < 0.003. 
e histopathological evaluation 
revealed psoriasis-like pheno-
type in skin samples harvested 
from Hpa-tg (right), but not 
wt (left) mice on experimental 
day 21. Note the absence of the 
granular layer (white arrow-
head), psoriasiform hyperplasia 
of the epidermis (white arrow), 
infiltration of parakeratotic 
scale by polymorphonuclear 
leukocytes and formation of 
Munro micro abscess (black 
arrow). Six mice per genotype 
were examined, representative 
microphotographs are shown 
(original magnification, ×400). 
f Immunohistochemical staining 
with antibody directed against 
Cyclin D1. Note the increased 
number of cyclin D1-positive 
keratinocytes in the epidermis 
of Hpa-tg (red arrows), but not 
wt mice on experimental day 21
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activation of the NF-κB pathway was observed in the epi-
dermal layers of tPa-treated Hpa-tg vs. wt skin on experi-
mental day 21, as manifested by a higher number of cells 
positive for nuclear-localized phospho-p65 NF-κB (Supple-
mentary Figure 1C).

Role of macrophages in psoriasis-like phenotype 
of tPa-treated Hpa-tg mice

activated macrophages have been identified as impor-
tant producers of tNF-α and IL-12/23p40 in psoriasis and 
other chronic inflammatory disorders [4, 48–50]. Moreo-
ver, experimental and clinical observations suggest that 
activation of macrophages represents an important patho-
genic event in the development and maintenance of psori-
atic skin disease [4, 5, 48, 49, 51–53]. this notion, along 
with the recently described role of heparanase in sustaining 
continuous activation of macrophages in a mouse model 
of chronic inflammatory bowel disease, mechanistically 
related to psoriasis [21], led us to examine the involve-
ment of macrophages in our system. Interestingly, on day 
15 (immediately after cessation of tPa treatment) immu-
nostaining with antibody directed against F4/80 (mouse 
macrophage specific marker [54]) revealed no difference 
in the extent of skin infiltration of macrophages in both 
genotypes (not shown). however, on day 21, examination 
of F4/80-stained skin sections revealed retention of mac-
rophage infiltration in Hpa-tg mice vs. little or no infil-
tration in wt mice (Fig. 5a, b). Macrophages were mainly 
detected in the upper portion of Hpa-tg dermis and near the 
dermo-epidermal junction, resembling the pattern reported 
for human psoriatic lesion-infiltrating macrophages [49]. 
to quantify macrophage infiltration, following immuno-
fluorescence staining with F4/80-specific antibody, an aver-
age F4/80 pixel density for labeled cells was calculated for 
Hpa-tg and wt skin samples harvested on day 21. as shown 
in Fig. 5b, twofold increase in macrophage infiltration was 
detected in Hpa-tg mice, similar to observations reported in 
psoriatic patients [49].

Supporting the ability of heparanase to facilitate activa-
tion of macrophages in the setting of psoriasis is the obser-
vation that in vitro pre-treatment with recombinant hepara-
nase strongly sensitized mouse peritoneal macrophages to 
activation by IFN-γ (which is present in ample amounts 
in psoriatic lesions [49, 55]), as indicated by a ~ninefold 
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increase in tNF-α secretion and ~twofold increase in IL-
12/23p40 expression, compared to macrophages treated 
with IFN-γ alone (p < 0.01, not shown). this effect of hep-
aranase was dependent on its enzymatic activity, since heat-
inactivated heparanase did not affect macrophage response 
to IFN-γ.

heparanase enzymatic activity requires proteolytic pro-
cessing of 65-kDa pro-heparanase into 8- and 50-kDa 
subunits that form the active enzyme [56, 57]. Cathepsin 
L (CatL) is the predominant protease responsible for pro-
teolytic activation of pro-heparanase [58]. Of note, upreg-
ulation of CatL was reported in several skin inflammatory 
disorders, with the highest CatL levels found in psoriatic 
lesions [59]. In agreement, immunohistochemical examina-
tion revealed increased number of CatL-positive cells both 
in human psoriatic skin (Supplementary Figure 2a) and in 
tPa-induced psoriasiform Hpa-tg skin inflammation (Sup-
plementary Figure 2B), with a distribution pattern similar 
to that of macrophages (Fig. 5) and [49]. Based on the fact 
that macrophages represent an important source for secreted 
mature CatL [60] and on previously reported role of mac-
rophage-derived CatL in activation of pro-heparanase in 
the mouse model of colitis [21], we assumed that a simi-
lar mode of heparanase post-translational activation may 
operate in the setting of psoriasis as well. Since we were 
unable to isolate sufficient quantities of macrophages from 
the mouse lesional skin, we utilized in vitro approach to 
investigate the heparanase-activating ability of macrophages 
under psoriatic conditions. as IFN-γ-mediated activa-
tion of macrophages emerges as an important event in the 
pathogenesis of psoriasis [4, 47, 49], we incubated purified 
65-kDa heparanase precursor with medium conditioned by 
either resting or IFN-γ-stimulated mouse peritoneal mac-
rophages and examined the resulting heparanase enzymatic 
activity. as shown in Supplementary Figure 2C, incubation 
of the 65-kDa pro-heparanase with medium conditioned by 
IFN-γ-stimulated macrophages (IFN/Mφ+phpa), but not 
by resting macrophages (Mφ+phpa) resulted in a marked 
increase in heparanase enzymatic activity.

Discussion

Our study demonstrates previously unknown role of hep-
aranase in the pathogenesis of psoriasis. We attested 
keratinocytes as an important source of heparanase in 
human psoriatic lesions (Fig. 1) and in the mouse model of 
tPa-induced cutaneous inflammation (Fig. 2). Moreover, 
analysis of tPa-treated skin in Hpa-tg mice, characterized 
by constantly increased levels of heparanase in keratino-
cytes (among other cell types, but not in splenocytes [28]), 
suggests that heparanase over-expression promotes devel-
opment of skin lesions that recapitulate human disease in 

terms of histomorphological appearance and molecular/cel-
lular characteristics (Figs. 3, 4, 5). In fact, several mouse 
models (including topical application of imiquimod) are 
considered superior to tPa model in recapitulating human 
psoriatic lesions (reviewed in [61]), as tPa application 
in wt mice does not result in typical psoriasiform pheno-
type (Fig. 3e, left panel). thus, induction of psoriasiform 
lesions in Hpa-tg skin following tPa treatment (Fig. 3e, 
right panel), along with the immunohistochemistry findings 
in the clinical samples (Fig. 1), convincingly implicate the 
enzyme in pathogenesis of psoriasis.

In addition, beneficial effect of betamethasone valer-
ate treatment observed in this system suggests that tPa-
induced Hpa-tg skin inflammation can become a useful 
model in testing new anti-psoriatic compounds, especially 
when keratinocyte-immunocyte interplay is the target.

extensively studied for its capacity to promote cancer 
progression, heparanase enzyme was recently linked to sev-
eral inflammatory disorders as well [20–27]. In particular, 
ability of heparanase to stimulate macrophage activation 
and direct macrophage responses toward chronic inflam-
matory pattern was highlighted in our studies focusing 
on inflammatory bowel disease [21, 62], mechanistically 
related to psoriasis. the exact mechanism underlying hep-
aranase-dependent sensitization of macrophages is not fully 
understood, however generation of soluble hS degradation 
fragments (shown to stimulate tLR signaling both in vitro 
and in vivo [63, 64]) may play a role. this feature of hep-
aranase (further supported by reports describing augmented 
macrophage activation in the presence of increased hepara-
nase levels in a model of neointimal lesions following vas-
cular injury [20] and in atherosclerotic plaque progression 
toward vulnerability [65]), could be highly relevant to the 
enzyme’s role in the pathogenesis of psoriasis, as well.

although it is largely accepted that psoriasis is primar-
ily mediated by t-cells (i.e., th1 and, more recently, th17 
and th22 subsets) [66–68], the cytokine pattern, particu-
larly the dominance of tNF-α, implicates innate immu-
nocytes (i.e., macrophages) in psoriasis pathogenesis [69]. 
Indeed, considerable evidence from genetic mouse mod-
els and clinical observations suggest that activation of 
macrophages represents an important pathogenic event in 
the development and maintenance of psoriatic disease [5, 
49, 51, 52, 68]. Macrophage infiltration, especially at the 
epidermal/dermal interface, has been repetitively reported 
in human psoriatic lesions [5, 49, 51, 70–73]. Moreover, 
depletion of skin macrophages in both t cell-dependent 
and epithelial-based mouse models of psoriasis [48, 53], 
resulted in significant alleviation of the disease, attesting 
macrophages as important players in the pathogenesis of 
psoriasis [4]. activated macrophages, recruited to the pso-
riatic lesions (i.e., by IFN-γ-producing t cells) represent 
a major (although not the sole) source of tNF-α, the key 
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inflammation-maintaining cytokine [4, 47, 48, 53]. Inter-
estingly, enzymatically active (but not heat-inactivated) 
heparanase facilitated macrophages’ response to IFN-γ in 
vitro (~ninefold increase in tNF-α and ~twofold increase 
in IL-12/23p40 vs. macrophages treated with IFN-γ alone; 
p < 0.01, not shown).

Importantly, processing of pro-heparanase [56, 57] by 
CatL is a prerequisite for its enzymatic activity [58]. CatL 
is upregulated in psoriasis [59] and it was shown that psori-
atic skin lysates contained abundant mature enzyme, while 
mostly inactive CatL precursors were detected in normal 
skin [74]. Macrophages are important source for secreted 
mature CatL due to a specific mechanism that stabilizes 
active CatL and allows its extracellular accumulation [60]. 
Notably, in human lesions and in psoriasiform Hpa-tg skin 
we detected increased number of CatL-positive cells (Sup-
plementary Figure 2a, B), with the spatial distribution pat-
tern closely resembling that of macrophages (Fig. 5) and 
[49]. taken together with the previously reported role of 
macrophage-derived CatL in heparanase activation in the 
mouse colitis [21], these findings led us to speculate that 
a similar mode of post-translational activation may be rel-
evant in psoriasis. In support of this idea, a marked increase 
in heparanase enzymatic activity was observed follow-
ing incubation of the latent pro-heparanase with medium 
conditioned by IFN-γ-stimulated (as compared to resting) 
macrophages (Supplementary Figure 2C).

Collectively our results reveal, for the first time, involve-
ment of heparanase in the pathogenesis of psoriasis and 
suggest a role for the enzyme in facilitating abnormal inter-
actions between immune (i.e., macrophages) and epithelial 
(keratinocytes) cellular subsets of the affected skin.

In addition, previously described effects of hepara-
nase enzymatic activity (i.e., promotion of angiogenesis 
[75], vessel permeability [19], leukocyte extravasation 
and migration [11, 22], release of hS-bound cytokines 
anchored within the eCM [7]) can also contribute to the 
appearance of psoriasiform phenotype in tPa treated  
Hpa-tg skin.

the emerging link between heparanase activity and 
psoriasis implies that heparanase-targeting therapeutic 
approaches (which are now under intensive development/
clinical testing in malignant diseases [76]) could turn 
highly beneficial in psoriatic patients as well. Further stud-
ies aimed at detailed understanding of heparanase-driven 
molecular/cellular events occurring in psoriatic skin, along 
with systematic analysis of heparanase inhibiting com-
pounds in the setting of skin inflammation, are important 
toward development of effective therapeutic strategies in 
psoriasis.
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