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Mice deficient in heparanase exhibit impaired dendritic
cell migration and reduced airway inflammation
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Heparanase is a β-D-endoglucuronidase that cleaves heparan sulphate, a key component
of the ECM and basement membrane. The remodelling of the ECM by heparanase has been
proposed to regulate both normal physiological and pathological processes, including
wound healing, inflammation, tumour angiogenesis and cell migration. Heparanase is
also known to exhibit non-enzymatic functions by regulating cell adhesion, cell signalling
and differentiation. In this study, constitutive heparanase-deficient (Hpse−/−) mice were
generated on a C57BL/6 background using the Cre/loxP recombination system, with a
complete lack of heparanase mRNA, protein and activity. Although heparanase has been
implicated in embryogenesis and development, Hpse−/− mice are anatomically normal
and fertile. Interestingly, consistent with the suggested function of heparanase in cell
migration, the trafficking of dendritic cells from the skin to the draining lymph nodes was
markedly reduced in Hpse−/− mice. Furthermore, the ability of Hpse−/− mice to generate
an allergic inflammatory response in the airways, a process that requires dendritic cell
migration, was also impaired. These findings establish an important role for heparanase
in immunity and identify the enzyme as a potential target for regulation of an immune
response.
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Introduction

Dendritic cells (DCs) are potent APCs that play a fundamen-
tal role in initiating innate and adaptive immune responses to
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microbial pathogens and endogenous danger signals released
from damaged or necrotic cells [1, 2]. DCs located at certain
peripheral tissues, such as the skin and the mucosal surface of
the lung, capture environmental antigens and migrate to the
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draining lymph nodes (LNs) to orchestrate an appropriate immune
response [3]. In particular, the migration of Langerhans cells
and dermal DCs to the draining LNs requires the coordination of
numerous factors. These include adhesion molecules, chemokine
receptors and ECM degradative enzymes [3]. For example, fol-
lowing activation, DCs must detach from surrounding cells by
reducing the levels of adhesion protein E-cadherin [4]. They also
up-regulate chemokine receptors, such as CCR7 [5], in order to
respond to chemokines produced by lymphatic endothelial cells
[3].

Furthermore, to facilitate the migration of Langerhans cells and
dermal DCs from the skin to the draining LNs, proteinases, such as
MMPs, are essential to degrade components of the ECM and the
vascular basement membrane (BM). MMP2 (gelatinase A) and
MMP9 (gelatinase B) are expressed by both Langerhans cells and
dermal DCs [6], with the expression of MMP9 being up-regulated
by conditions that promote DC migration (e.g. prostaglandin E2
and all-trans retinoic acid) [7, 8]. The importance of MMPs, in
particular MMP9, has been confirmed using in vitro and in vivo
studies involving MMP inhibitors and MMP9 deficient mice/cells
that demonstrate that MMP9 is required for DC migration by
degrading the ECM and possibly tight junction proteins [6–11].
MMP9 has also been shown to regulate the activation of Langer-
hans cells [9]. Furthermore, MMP9−/− mice exhibit impaired
recruitment of DCs into the airways in an OVA-induced asthma
model [12].

In addition to proteinases, other ECM degradative enzymes,
such as heparanase, can also play an important role in regulating
cell migration [13, 14]. Heparanase is a β-D-endoglucuronidase
that cleaves heparan sulphate (HS), a key structural component
of the ECM/BM. The cleavage of HS by cells, such as activated
leukocytes, metastatic tumour cells and proliferating endothelial
cells, has been proposed to facilitate degradation of the ECM/BM
to promote cell migration associated with inflammation, tumour
metastasis and angiogenesis [13, 14]. Moreover, HS chains in
the ECM can bind an array of growth factors, cytokines and
chemokines, and the liberation of these molecules by heparanase
has been suggested to regulate numerous normal physiological
and pathological processes [13, 14]. In addition to its enzymatic
functions, heparanase has also been shown to mediate T-cell
adhesion and induce intracellular signalling via non-enzymatic-
based mechanisms [15–17]. In order to define the precise function
of heparanase in vivo, we generated constitutive heparanase-
deficient (Hpse−/−) mice on a C57BL/6 background using the
Cre/loxP recombination system. Hpse-LoxP+/− mice were crossed
with transgenic tissue-non-specific alkaline phosphatase (TNAP)
Cre mice, in which TNAP-Cre catalyses the excision of floxed
genes early during development in primordial germ cells [18],
and resultant mice inter-crossed to generate constitutive Hpse−/−

mice.
Although mice lacking heparanase expression and activity were

viable, fertile and showed no gross abnormality, they exhibited a
major defect in DC migration from the skin of the ear to the
draining LNs. In addition, Hpse−/− mice also showed impairment
in mounting an allergic inflammatory response towards house dust

mite (HDM), a process that requires the trafficking of DCs [19, 20].
Thus, this study demonstrates that heparanase is an important
molecule in controlling an immune response by regulating the
migration of DCs.

Results

Generation and characterisation of constitutive
Hpse−/− mice

To produce mice with a LoxP Hpse (where Hpse is the mouse
heparanase gene) allele, a targeting construct was generated that
incorporated two LoxP sites flanking exon 1 of the mouse Hpse
as well as a neoR gene for selection (Fig. 1A). The construct
was transfected into C57BL/6 ES cells via electroporation and
screened based on neomycin resistance. The successful target-
ing of the construct by homologous recombination into Hpse was
confirmed via PCR and Southern blot analysis (data not shown).
Microinjection of the ES cells into ‘white’ C57BL/6 WT blasto-
cysts resulted in chimeric mice, which upon breeding with ‘white’
C57BL/6 WT mice gave rise to germline transmission and het-
erozygous Hpse-LoxP+/− mice. To generate constitutive Hpse−/−

mice, the Hpse-LoxP+/− mice were bred with C57BL/6 TNAP-Cre
mice to mediate the deletion of Hpse exon I and neoR. The TNAP-
Cre mice excise early during development in primordial germ cells
starting at E7, E8 and is complete at E9 [18], enabling the dele-
tion of floxed genes as described previously [21]. The resultant
heterozygote mice were crossed to produce C57BL/6 Hpse−/−

mice, as determined by genotyping using the strategy indicated in
Figure 1A and B.

To confirm the loss of heparanase expression in Hpse−/−

mice, the levels of heparanase transcript and protein were exam-
ined in both tissues and primary cells. Heparanase mRNA was
examined by RT-PCR using primers as outlined in Table 2, with
mouse heparanase mRNA detected in tissues of WT but not
Hpse−/− mice (Fig. 1C). The complete loss of heparanase expres-
sion in Hpse−/− mice was confirmed by Western blot analy-
sis of heparanase protein levels in splenocytes (Fig. 1D). Hep-
aranase activity was also examined using spleen cells, bone
marrow-derived macrophages (BMDMs) as well as immortalised
WT, Hpse+/− and Hpse−/− mouse embryonic fibroblasts (MEFs).
In each cell type, heparanase activity is completely abolished
in the Hpse−/− cells, and markedly reduced in Hpse+/− cells
(Fig. 1E to G).

First, gross characterisation of constitutive Hpse−/− mice was
performed and the mice exhibited no obvious anatomical phe-
notype with normal fertility and life span (data not shown).
A detailed analysis of blood was also carried out and showed
no significant difference between WT and Hpse−/− mice in
most blood parameters, with the only exception that the total
number of white blood cells was slightly lower and the rel-
ative number of eosinophils was higher in the Hpse−/− mice
(Supporting Information Table 1). The total cell count in the
spleen, inguinal and auricular LNs was also similar in WT and
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Figure 1. Generation and characterisation of constitutive Hpse−/− mice. (A) Strategy used to generate constitutive C57BL/6 Hpse−/− mice. Targeting
construct as shown was used to introduce LoxP sites flanking exon I of the Hpse and an adjacent neo into the genome of C57BL/6 ES cells. Mice
bearing the targeting construct were crossed with C57BL/6 TNAP-Cre mice to produce constitutive C57BL/6 Hpse−/− mice. (B) Specific deletion of
the heparanase exon I and neo in mice described in (A) was examined by PCR analysis using primer pairs as indicated in (A), with the amplification
of Fabpi included as an internal control. Data shown are representative of three independent experiments with similar results. (C) Expression of
heparanase transcript in organs of WT and Hpse−/− mice, as detected by RT-PCR. No template was used as a negative control (−ve). (D) Expression
of heparanase protein in the spleen of WT and Hpse−/− mice was detected by Western blotting, with β-actin included as a loading control. Data
shown are representative of three independent experiments with similar results. Heparanase enzymatic activity was examined in (E) spleen cells,
(F) transformed MEFs, and (G) primary BMDMs from each genotype of mice by a TR-FRET-based HS degradation assay. Each symbol represents an
individual mouse and horizontal lines indicate the mean. ***p < 0.001 (unpaired, two-tailed Student’s t-test).

Hpse−/− mice (Supporting Information Fig. 1). Furthermore, ini-
tial screening of the immune compartment in whole blood was
performed and the levels of a range of immune cells (subsets
of B cells, T cells, NKT cells and NK cells) in Hpse+/− and
Hpse−/− mice were comparable with WT mice (Supporting Infor-
mation Fig. 2). Collectively, Hpse−/− mice were successfully gen-
erated on a C57BL/6 background with no obvious phenotypic
abnormality.

Mouse DCs express heparanase

The expression distribution and regulation of human hep-
aranase has been studied extensively and upon cell acti-
vation is often up-regulated in various leukocytes, includ-
ing T cells [22–26], monocytes and macrophages [27, 28].
Although heparanase has been detected in human monocyte-
derived DCs [28] and mouse bone marrow-derived DCs (BMDCs)
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Figure 2. Expression of heparanase by mouse DCs. Expression of heparanase transcript was assessed by RT-PCR in (A) splenic DCs; (B) BMDCs;
(C) Langerhans cells and (D) dermal and epidermal skin layers of WT and Hpse−/− mice. GAPDH was used as an internal control. Data shown
are representative of three independent experiments with similar results. (E) Expression of heparanase protein in WT and Hpse−/− BMDCs was
assessed by Western blot analysis, with β-Actin used as a loading control. Data shown are representative of two independent experiments with
similar results. Heparanase enzymatic activity was assessed by a TR-FRET-based HS degradation assay in (F) Langerhans cells, (G) BMDCs and
(H) dermal and epidermal skin layers from WT and Hpse−/− mice. Data represent the mean + SEM of four mice in one experiment representative
of two independent experiments with similar results. *p < 0.05 (unpaired, two-tailed Student’s t-test).

[29], these studies were performed using unselected mixed
population of cells in culture. Thus, the expression of heparanase
in purified mouse DCs was further characterised. The expres-
sion of heparanase transcript was detected by RT-PCR in splenic
DCs (CD11chigh; Fig. 2A), CD11c+ BMDCs (Fig. 2B), Langerhans
cells (EpCAM386high, CD11chigh; Fig. 2C) and dermal and epi-
dermal skin layers (Fig. 2D) isolated from WT mice. In addi-
tion, Western blot analysis indicated the presence of both the
50 and 8 kDa heparanase subunits of the active enzyme in
WT CD11c+ BMDCs (Fig. 2E). Heparanase enzymatic activity
was also confirmed in WT Langerhans cells (Fig. 2F), CD11c+

BMDCs (Fig. 2G), as well as dermal and epidermal skin lay-
ers (Fig. 2H), using a time-resolved fluorescence energy transfer
(TR-FRET) based HS degradation assay. These data demonstrate
the ability of certain pure mouse DC subsets to express active
heparanase.

Hpse−/− mice show impairment in DC migration from
the skin

Previous studies have suggested a role for heparanase in leuko-
cyte migration as well as cancer metastasis, possibly via both
enzymatic- and non-enzymatic-based mechanisms [13, 14, 30].
Since the expression of active heparanase can be found in purified
mouse DCs (Fig. 2) and the migration of certain mouse DC
subsets to the draining LNs is key in mediating an immune
response [3], an in vivo DC migration assay was performed using
Hpse−/− mice to directly address the potential role of heparanase
in regulating trafficking of DCs, in particular DEC-205high DCs
(including Langerhans cells – a specialised DC subset located at
the epidermis) and DEC-205low dermal DCs. A mixture of FITC,
acetone and dibutylphthalate was applied on the dorsal side of
the ear of WT and Hpse−/− C57BL/6 mice to induce migration of
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Figure 3. Migration of Langerhans cells and
dermal DCs to skin-draining LNs is impaired
in Hpse−/− mice. Ability of DEC-205high DCs
(including Langerhans cells) and DEC-205low

(dermal) DCs to migrate to skin-draining LNs
was examined using the FITC painting assay.
Cells isolated from auricular LNs at 24, 48, 72
and 96 hours post-FITC painting were stained
for CD11c, MHCII and DEC-205, and analysed
by flow cytometry. (A) Proportions of FITC+

cells in LNs 24 hours post-FITC painting (top).
FITC+ cells (i.e. migrating cells from the ear) are
gated electronically and analysed for expres-
sion of CD11c and MHCII (bottom). Plots are
representative of three independent experi-
ments with similar results. The total number
of (B) FITC+ migrating DEC-205high and DEC-
205low DCs, (C) FITC+ DEC-205high DCs and
(D) FITC+ DEC-205low DCs in LNs at various
time points post-FITC painting, as determined
by flow cytometry as in Supporting Informa-
tion Figure 7A, are shown. The relative pro-
portion of migrating (E) FITC+ DEC-205high cells
and (F) FITC+ DEC-205low DCs in auricular LNs
following FITC painting are shown. Data in
(B to F) represent the mean + SEM of four
mice/genotype and are representative of three
independent experiments with similar results.
*p < 0.05 (unpaired, two-tailed Student’s t-test).

DCs to the draining LNs. Consistent with previous studies [31],
FITC-internalised migrating DEC-205high DCs (FITC+ CD11chigh

MHChigh DEC-205high) and DEC-205low DCs (FITC+ CD11chigh

MHChigh DEC-205low) were found in the auricular LNs of WT
mice at all time points tested post-FITC painting (Fig. 3A to D).
Strikingly, a distinct reduction of FITC-internalised migrating DCs
was observed in the auricular LNs of Hpse−/− mice compared
with WT mice, in particular 24, 48 and 72 hours post-FITC paint-
ing (Fig. 3A to D). These data suggest that heparanase is a key
molecule required for DC migration from peripheral organs, such
as the skin to the draining LNs. Despite the impaired migration
of Hpse−/− DCs in this model, the relative proportion of FITC-

internalised migrating DEC-205high cells and DEC-205low DCs at
all time points tested was comparable between WT and Hpse−/−

mice, indicating that the defect occurs in both DC populations
equally (Fig. 3E and F).

Benhamron and colleagues identified an increase in the mat-
uration state of BMDCs in their Hpse−/− mice [29]. Interest-
ingly, the analysis of a panel of cell surface maturation markers
expressed on dermal DCs and Langerhans from our Hpse−/−

mice suggest both cell populations are not phenotypically more
mature when compared with those from WT mice (Supporting
Information Fig. 3). However, it should be noted that the
dermal DCs did show a slight reduction in CD86 levels. While
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this may affect the downstream ability of the dermal DCs to stim-
ulate T-cell induction [32], CD86 expression does not necessarily
correlate with DC migration [33]. The Langerhans cells show an
overall reduction in maturation markers as well as MHC II in the
Hpse−/− mice, however, this is slight and also not expected to
affect migration (Supporting Information Fig. 3). These results
would be interesting to further investigate as to the role of hep-
aranase in DC maturation.

To examine whether the reduced migration of DCs from the
skin to the draining LNs in Hpse−/− mice is due to a defect in DC
colonisation at the skin, the number of Langerhans cells in the
ear dorsal epidermis was determined. As shown in Figure 4A and
B, WT and Hpse−/− mice exhibited a similar number of Langer-
hans cells in the ear epidermis, suggesting that Hpse−/− mice have
no defect in DC colonisation at the skin. To further investigate the
role of heparanase in DC migration, ex vivo culturing of epidermal
and dermal sheets from the ear of WT and Hpse−/− mice, which
imposes an inflammatory condition to induce DC migration [34],
was performed. In contrast to uncultured dermis, cultured dermis
showed the formation of dermal cords (Fig. 4C) that represent the
accumulation of migrating DCs along dermal lymphatics under
in vitro conditions [35]. Culturing epidermal and dermal sheets
from the ear of Hpse−/− mice did not prevent the formation of
dermal cords (Fig. 4C). Furthermore, the structure and frequency
of dermal cords being formed within the ear were indistinguish-
able between WT and Hpse−/− mice. These data suggest that
Hpse−/− Langerhans cells and dermal DCs can efficiently respond
to inflammatory stimuli and their impairment in migration to the
draining LNs is likely to be downstream of DCs leaving the epider-
mis and dermis.

MMP expression levels are not changed in Hpse−/−

mice

Recently, studies by Zcharia et al. (2009) have suggested that
the expression of certain MMPs, in particular MMP2, is up-
regulated in various organs of mice deficient in heparanase [36].
Over-expression of enzymatically active heparanase in human
breast cancer cell line MDA231 can also lead to a reduction in
MMP2, MMP9 and MMP14 expression [36]. Inconsistent with the
proposed compensation mechanism by Zcharia et al. (2009), a
decrease in MMP2 and MMP9 expression has been reported in
unselected mixed population of mature BMDCs derived from the
same heparanase-deficient mouse line [29]. Since both MMP2 and
MMP9 have been shown to regulate DC migration, the expression
of these MMPs as well as MMP14 and MMP25 in the newly gen-
erated Hpse−/− mice was determined and compared with levels
in WT mice. Although changes in the expression levels of certain
MMPs were observed in selected Hpse−/− organs (Fig. 5A), no
significant differences were detected that correlated with previ-
ous studies. Similar results were also observed for the expression
of MMPs in primary BMDCs, Langerhans cells and BMDMs isolated
from WT and Hpse−/− mice with the only exception being a slight
reduction of MMP25 expression in Hpse−/− BMDCs and Langer-
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Figure 4. Hpse−/− mice show no impairment in the colonisation of
epidermal Langerhans cells in the ear or in the formation of der-
mal cords. (A) Distribution of Langerhans cells in dorsal epidermal
sheets isolated from the ear of WT and Hpse−/− mice. Epidermal sheets
were stained for MHCII and visualised by epifluorescent microscopy.
Images are representative of three independent experiments with sim-
ilar results. (B) Quantitative comparison of the number of Langer-
hans cells in the ear of WT and Hpse−/− mice based on the data
from (A). Data are derived from four images per epidermal sheet
(0.57 mm2/image), with three mice of each genotype. Each symbol rep-
resents an individual mouse and data are expressed as the number of
MHCII+ cells per millimetre square of dorsal epidermal sheets. Horizon-
tal bars indicate the mean. Data are representative of three indepen-
dent experiments with similar results. (C) Ability of DCs to form dermal
cords in ex vivo cultured dermis from the ear of WT and Hpse−/− mice.
Dermal sheets were stained for MHCII and visualised by epifluorescent
microscopy. Images shown are representative of at least four indepen-
dent experiments.

hans cells (Fig. 5B and C, and Supporting Information Fig. 4).
Thus, these data indicated that the Hpse−/− mice generated in
this study exhibit no marked change in MMPs expression and the
defect observed for Langerhans cell and dermal DC migration to
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Figure 5. Levels of MMP expression by WT and Hpse−/− mice. (A) Expression of Mmp2, Mmp9, Mmp14 and Mmp25 transcripts in the indicated
organs of WT and Hpse−/− mice, as determined by qPCR. Data are expressed as the mean level of expression normalised to Gapdh, ± SEM, of three
samples from one experiment of two independent experiments with similar results. (B) Expression of Mmp2, Mmp9, Mmp14 and Mmp25 in BMDCs
from WT and Hpse−/− mice, as measured by qPCR. (C) Expression of Mmp2, Mmp9, Mmp14 and Mmp25 in Langerhans cells from WT and Hpse−/−

mice as measured by qPCR. Data in (B and C) are expressed as the mean level of expression normalised to Gapdh, + SEM, of four samples from one
experiment of two independent experiments with similar results. *p < 0.05 (unpaired, two-tailed Student’s t-test).

the draining LNs in Hpse−/− mice is unlikely to be caused by an
altered expression of MMPs.

HDM-induced allergic inflammation is reduced in
Hpse−/− mice

To examine the contribution of heparanase to the development
of immune responses in other tissues, we next employed a HDM-
induced model of allergic inflammation. Previous studies have
indicated that the migration of DCs into the lung makes an

important contribution in mediating allergen-induced inflamma-
tion [12]. To investigate the role of heparanase in DC migra-
tion in this model, we carried out a comparative analysis of DC
numbers in the lung tissues and draining LNs of WT and
Hpse−/− mice. Interestingly, although the numbers of con-
ventional DCs (cDCs) in the lungs and draining LNs of un-
manipulated WT and Hpse−/− mice were comparable (Sup-
porting Information Fig. 5), the proportion of cDCs in the
lungs of HDM-sensitised/challenged Hpse−/− mice was signifi-
cantly reduced compared with WT counterparts (Fig. 6A). These
data suggest a role for heparanase in the recruitment of DCs
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Figure 6. HDM-induced allergic inflammation is reduced in Hpse−/− mice. (A) Conventional DCs identified by flow cytometry as CD11chigh CD11b+

MHC IIhigh were isolated from the lungs of vehicle-sensitised/challenged (Veh) and HDM-sensitised/challenged WT or Hpse−/− mice, and expressed
as the percentage of lung cells. (B) Expression of IL-5, IL-13, IL-17A and IFN-γ transcripts in WT and Hpse−/− lung cells from mice challenged with
vehicle or HDM as in (A). (C) Cytokine production, as measured by ELISA in draining LNs cells of WT and Hpse−/− mice challenged with vehicle or
HDM as in (A) and re-stimulated ex vivo for 4 days with 50 μg/mL HDM. (D) Eosinophils in the lungs of vehicle-sensitised/challenged (Veh) and
HDM-sensitised/challenged mice were identified by flow cytometry as Siglec-F+ CD11b+ Ly6Gint and expressed as the percentage of lung cells.
Eosinophils in the airway mucosa are expressed as the cells per 100 μm of airway epithelial BM length. (E) Lung sections of WT and Hpse−/−

mice challenged with vehicle or HDM as in (A) were stained with periodic acid-Schiff and the percentage of mucus-positive airway epithelial cells
enumerated (far right). Images are representative of two independent experiments. Data in (A to D) and the right panel of (E) represent the mean
+ SEM of six mice/group in one experiment out of two experiments with similar results. *p < 0.05; ***p < 0.001 (unpaired, two-tailed Student’s
t-test).

into the lung in allergen-induced inflammation that is sim-
ilar to that observed for the ECM-degrading enzyme MMP9
[12].

DCs are required both for allergic sensitisation and the effec-
tor phase response, and indirectly induce the hallmark features of
allergic asthma by promoting allergen-specific Th2-type immunity.
Consistent with the defective conventional DC response, mRNA
and protein expression of Th2-type cytokines IL-4, IL-5 and IL-
13 in the lung and draining LNs were attenuated in Hpse−/−

mice (Fig. 6B and C). In contrast, expression of Th1- and Th17-
type cytokines including IFN-γ and IL-17, respectively, showed no
significant differences between WT and Hpse−/− mice (Fig. 6B
and C). The reduced expression of Th2-type effector cytokines in
Hpse−/− mice was associated with a significant decrease in tissue
eosinophils and the numbers of mucus-secreting airway epithe-
lial cells (Fig. 6D and E). Collectively, these results highlight the
importance of heparanase in immunity.

Discussion

Heparanase is the only described mammalian endoglycosidase
that can directly cleave HS chains to release HS-bound factors
and physically remodel the ECM [14]. Thus, heparanase has been
postulated to regulate normal physiological processes, including
embryonic development, angiogenesis and inflammation, as well
as pathological conditions, such as cancer metastasis, neovascular-
isation of tumours and glomerular diseases [14, 37]. To address
the importance of heparanase in vivo, this study has generated
a constitutive Hpse−/− mouse on a C57BL/6 background using
the Cre/loxP recombination system and shown in detail the non-
redundant role of heparanase in regulating DC migration and
mounting an allergic inflammatory response in the airways.

Expression of heparanase has been described in T cells [22–26],
monocytes and macrophages [27, 28], endothelial cells [38],
epithelial cells [39] as well as various neoplastic cells [30].
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In the current study, expression of enzymatically active hep-
aranase was identified in purified mouse splenic DCs, BMDCs
and Langerhans cells. These data are consistent with Benhamron
et al. (2006) demonstrating the presence of heparanase protein
in unsorted human monocyte-derived DCs [28]. Interestingly,
gene expression of heparanase in the human was found mainly
in monocytes but not in immature or mature monocyte-derived
DCs [28], whereas in the mouse heparanase mRNA was detected
herein in selectively purified splenic DCs, Langerhans cells and
BMDCs. It is worth noting that analysis of available microar-
ray expression data indicates that heparanase mRNA has also
been detected in mouse plasmacytoid, lymphoid and myeloid DCs
(http://biogps.gnf.org; Supporting Information Fig. 8) [40, 41].
These data suggest that heparanase is expressed by certain DC
subsets in mice and is possibly required for cell migration as
well as other basic cellular functions, including HS turnover. In
support of our observations that mouse Langerhans cells express
active heparanase, immunofluorescence studies have also identi-
fied the expression of heparanase protein in human Langerhans
cells [42].

The efficient migration of immune cells and tumour cells
through tissues and the vasculature requires a repertoire of ECM
remodelling enzymes. Using the constitutive Hpse−/− mice gen-
erated in this study, mouse heparanase was found to be essen-
tial for efficient trafficking of DCs from the skin to the draining
LNs. Other ECM degradative enzymes, MMP2 and MMP9, have
been shown to promote DC migration by aiding physical pas-
sage through ECM barriers [6]. Thus, one obvious mechanism
for heparanase to regulate DC migration is via degradation of
HS-containing physical barriers. This notion is supported by
the involvement of heparanase in transmigration of semi-pure
HMDCs and BMDCs through ECM in vitro [28, 29]. Indeed, hep-
aranase is redistributed to the surface of differentiated HMDCs,
a process proposed to enhance the efficiency of ECM degrada-
tion by invading cells [28]. Interestingly, experiments described
herein using ex vivo cultured ear epidermal and dermal sheets
suggest that heparanase is not essential for the initial trafficking
of Langerhans cells and dermal DCs into the skin lymphatics, as
indicated by the normal formation of dermal cords in both WT
and Hpse−/− skin cultures. It is worth noting that in contrast to
the blood vasculature, physical degradation of the ECM may not
be required for cell migration into the lymphatics, as there are
preformed portals present on the lymphatics that could allow cell
entry [43].

Another possible mechanism underpinning heparanase-
mediated DC migration from peripheral tissues to the draining
LNs is by regulating the establishment of a chemokine gradient.
Significantly, most chemokines involved in directing DC migration
from the skin to the draining LNs, such as CCL21 and CXCL12, can
be regulated by their ability to bind HS. Studies have identified
CCR7 as a key chemokine receptor on Langerhans cells, dermal
DCs and airway DCs that controls their trafficking to the draining
LNs through interacting with its ligands CCL19 and CCL21
[5, 44–46]. Recently, Schumann et al. [47] demonstrated that
proteolytic processing of CCL21 to a soluble form that lacks

residues for HS anchoring could generate a soluble gradient and
trigger directional migration of BMDCs. In contrast, immobilised
unprocessed CCL21 promotes integrin-mediated adhesion [47],
suggesting a combination of soluble and immobilised forms of
CCL21 can regulate directional adhesive migration of DCs. In the
context of tumour cell metastasis to the lymphatics, release of
HS from the lymphatic endothelium has been proposed to facil-
itate binding of CCL21 to CCR7 on tumour cells, possibly by
inducing oligomerisation of CCL21 and activate signalling path-
ways involved in migration [48]. Furthermore, cell surface HS
on lymphatic endothelium is also involved in generating a CCL21
chemokine gradient that could direct trafficking of cancer cells
towards lymphatic endothelium [48]. Likewise, the activity of
CXCL12, another chemokine that aids migration of Langerhans
cells [49, 50], could also be modulated by HS binding [51]. Thus,
impaired DC migration in Hpse−/− mice could be caused by a
dysregulation of a chemokine gradient, possibly through longer
HS side chains being present on Hpse−/− lymphatic endothelium
[36] and/or the lack of heparanase activity that may be required
to continually remodel the chemokine gradient. It is worth noting
that a modest up-regulation of CCR7 was observed in semi-pure
Hpse−/− BMDCs [29]. However, whether the reported increase
in cell surface expression of CCR7 in Hpse−/− BMDCs and possi-
bly other migrating DC subsets is important functionally in vivo
requires further investigation.

As mentioned above, cell adhesion is another key aspect
of DC migration [3]. Besides mediating HS degradation, previ-
ous studies have also identified a non-enzymatic role of hep-
aranase in regulating T-cell adhesion [16]. Thus, heparanase
could also regulate DC migration through modulating cell
adhesion.

All of the hallmark features of asthma can be induced by
allergen-specific Th2 cells and the cytokines they elaborate, yet
strategies aimed at blocking individual cytokines have shown
poor efficacy, especially compared with current therapies such as
inhaled corticosteroids. Of note, experimental models of asthma
show that both the priming and recall response of CD4+ Th2
cells is dependent of DCs [19, 20]. Thus, immunomodulation of
upstream processes, such as the activation and migration of spe-
cific subsets of respiratory DCs, offers a novel therapeutic option
that may prove more beneficial for the treatment of asthma, and
other chronic inflammatory diseases. Here, we observed that the
absence of heparanase reduced DC numbers in the lung and selec-
tively abrogated Th2-type immunity, suggesting that the phar-
macological targeting of heparanase might offer a viable strat-
egy for the treatment of asthma. It is important to note that
heparanase is expressed by a variety of cell types and the phe-
notype observed for Hpse−/− mice could be caused by the loss
of heparanase function in DCs, T cells, macrophages, platelets
or endothelial cells. The heparanase LoxP mouse detailed herein
is the first description of a gene KO model for the conditional
deletion of heparanase and represents a powerful tool for deter-
mination of heparanase function in specific tissues and/or cells.
Indeed, further studies using conditional Hpse−/− mice are essen-
tial to dissect the molecular basis of heparanase function and
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the understanding of these fundamental aspects of heparanase
function is critical to validate the enzyme as a suitable drug
target.

Materials and methods

Strategy used to generate constitutive C57BL/6
Hpse−/− mice

A clone of a 13.24 kb BamHI mouse C57BL/6 genomic frag-
ment encompassing the 5′ end of the Hpse gene was identified by
screening a BAC genomic library (Genome Systems). Three con-
tiguous Hpse fragments were subcloned into the vector pL2X (kind
gift of Dr. Robyn Slattery, Department of Immunology, Monash
University) to generate the LoxP-targeting construct p3loxmhep.
Specifically, a 2.34 kb BamH1-SphI fragment upstream of Hpse
exon I, a 2.05 kb SphI fragment containing exon I and a 4.49 kb
SphI fragment downstream of exon I were blunt-end cloned con-
secutively into the BamH1, ClaI and HpaI sites of the vector. This
resulted in a targeting vector of 16 kb with the fragment containing
Hpse exon I being flanked by two loxP sites and positioned adja-
cent to a neomycin resistance gene also flanked by two LoxP sites,
with the 2.34 and 4.49 kb fragments of Hpse positioned 5′ and 3′

of the LoxP-flanked sequences. The targeting vector was linearised
with SfiI and transfected by electroporation into the C57BL/6 ES
cell line (BLIII). Clones were selected by culture in 400 mg/mL
G418 (Gibco) and 2 μM gancyclovir (Sigma). Clones with specific
targeting of the Hpse by homologous recombination were iden-
tified by PCR and Southern blot analysis of genomic DNA. The
homologous recombined cell line hepLoxP-2 was injected into
blastocysts derived from ‘white’ C57BL/6 mice (Klaus Matthaei,
unpublished) to generate chimeric mice that were identified by a
black and white coat colour. Male chimeric mice were crossed with
‘white’ C57BL/6 females and germline transmission detected by a
black coat colour. Hpse-LoxP−/+ heterozygous mice were identi-
fied by PCR and were then crossed with the primordial germ cell
Cre recombinase expressing C57BL/6 transgenic line, TNAP-Cre.
In these mice, Cre is expressed from the TNAP promoter early in
development and results in deletion of floxed genes in primordial
germ cells by E9 [21]. Heterozygous mice with successful deletion
of both the LoxP flanked 2.05 kb fragment containing Hpse exon I
and the neomycin-resistance gene were identified by PCR analysis
of genomic DNA isolated from the tails of mice and inter-crossed
to generate constitutive Hpse−/− mice.

Mouse genotyping

Mice were genotyped using PCR analysis on genomic DNA puri-
fied from tail biopsy or embryonic tissues. Genotyping PCR
was performed using three primer pairs (Table 1 and Fig. 1A)
with one cycle of 94°C for 2 min, 35 cycles of 94°C for
30 s, 60°C for 30 s and 72°C for 30 s, and one cycle of final
extension at 72°C for 6 min.

Isolation of mouse tissues and primary cells

All experimental procedures on mice were approved by animal
ethics committees from the Australian National University, La
Trobe University, Peter MacCallum Cancer Centre and Univer-
sity of Queensland. Whole spleen, kidneys, liver, lungs, LNs,
BM and ears were harvested from WT and Hpse−/− mice (6–12
weeks old, male and female) culled by carbon dioxide inhalation.
Embryos were harvested for the purification of MEFs as described
below.

Generation of WT, Hpse+/− and Hpse−/− MEFs

Heterozygous mice were mated and the formation of vaginal plug
marked the beginning of embryonic day E0.5. Embryos were col-
lected at E14.5 and the proximal end of the embryo was excised for
PCR genotyping. The remaining tissue (internal organs removed)
from individual embryos was passed through a cell strainer into
complete DMEM media (low glucose, supplemented with 10%
FCS and penicillin-streptomycin). MEFs from individual embryos
were cultured separately in 10 cm2 plates pre-treated with 0.1%
gelatin at 37°C and 5% CO2. To immortalise MEFs, WT, Hpse+/−

and Hpse−/−, MEFs were infected with a Lentivirus encoding the
large T SV40 (kindly provided by Dr. John Silke, Walter and Eliza
Hall Institute) overnight in the presence of polybrene at 37°C and
5% CO2.

Purification of splenic DCs

Spleens were homogenised using a scalpel blade and incubated
for 30 min with gentle mixing at room temperature in Spleen Dis-
sociation Medium (StemCell Technologies Australia, Melbourne,
Australia) before the reaction was stopped with the addition of
EDTA to a final concentration of 10 mM. The spleen was further
homogenised using a blunt 18 gauge needle before being passed
through a 70 μm cell strainer and washed with dissociation buffer
(2% FCS/PBS with 1 mM EDTA, pH 8) before centrifugation at
300 × g for 10 min at 4°C.

To positively select splenic DCs, cells were blocked with
50 μL/mL normal rat serum for 15 min at room temperature
before following manufacturer’s protocol (StemCell Technolo-
gies). Briefly, cells were incubated with CD11c Positive Selec-
tion Cocktail component A and B for 15 min at room temper-
ature before the addition of Magnetic Nanoparticles (StemCell
Technologies). The sample was made up to 1.5 mL with dis-
sociation buffer before being transferred to a 5 mL polystyrene
round-bottom tube and set inside the EasysepTM magnet. Magnetic
Nanoparticles and cells were left to separate for 5 min at room
temperature before the supernatant was poured off. Cells were
separated twice more before the remaining magnetic cells were
re-suspended in the appropriated buffer, and classed as splenic
DCs.
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Table 1. Genotyping oligonucleotide primers

Oligo pairs Sequence (5′ → 3′) Product size (bp)

Fabpi (F) TGG ACA GGA CTG GAC CTC TGC TTT CCT AGA 200
Fabpi (R) TAG AGC TTT CGG ACA TCA CAG GTC ATT CAG
KO12 (F) GAA GAA CCA TTA TTC ATC TTG CT 143
KO13 (R) CCA AGT GCC AGT CTG CAA GT
KO24 (F) CAG ATG GGT GCA GAT TAG ATA T 300 (KO)
KO10 (R) GGG ATG GAT GCA GGT CTT C

Generation of mouse BMDMs and BMDCs

Bone marrow was harvested from hind legs of 8- to 12-week-old
WT and Hpse−/− mice and cells were cultured in 10% FCS/RPMI-
1640 supplemented with 300 U/mL recombinant GM-CSF (Pepro-
tech, NJ). After 3 days, suspension cells were removed from the
flask and cultured in fresh complete media containing recombi-
nant GM-CSF (300 U/mL) for another 3 days. On day 6, adherent
cells were harvested with 0.25% Trypsin-EDTA (Sigma-Aldrich,
MO) and classed as BMDMs. In addition, suspension cells were
purified for CD11c+ cells (i.e. BMDCs) using the MidiMACS Mag-
netic cell sorting system (Miltenyi Biotec) according to the manu-
facturer’s protocol.

Purification and staining of mouse Langerhans cells

Cells were dissociated from murine epidermis using the Epidermal
Dissociation Kit (mouse; Miltenyi Biotec), according to the man-
ufacturer’s protocol. Briefly, hair was removed from the backs of

two 6- to 10-week-old mice per digestion and the skin was excised,
washed briefly in PBS and digested overnight at 4°C in digestion
buffer 1, with the dermal side facing downwards. The epidermis
was then peeled from the dermis and incubated for 20 min in solu-
tion 2 and 3 before being manually dissociated by being repeat-
edly passed through a 70 μm cell strainer until individual cells
were isolated. Langerhans cells were purified using the Epider-
mal Langerhans Cell MicroBead Kit (Miltenyi Biotec), according
to manufacturer’s instructions. Briefly, cells were blocked with FcR
blocking reagent, before Langerhans cells were purified using the
MidiMACS Magnetic cell sorting system (Miltenyi Biotec).

Where necessary, Langerhans cells were stained for either
purity or maturation markers. Briefly, nonspecific binding of Abs
to FcγR was blocked. For examination of the purity of the cells,
they were stained with Alexa-633-conjugated anti-mouse CD326
(EpCAM; kind gift from Weisan Chen, La Trobe University), V450-
conjugated anti-mouse CD11c (BD, clone HL3) and PI. The elec-
tronic gating strategy for Langerhans cells purity is shown in
Supporting Information Fig. 7C and example of the purity is in
Supporting Information Fig. 6. For maturation experiments, cells

Table 2. RT-PCR oligonucleotide primers

Oligo pairs Sequence (5′ → 3′) Product size (bp)

Gapdh (F) TTC CGT GTT CCT ACC CCC A 94
Gapdh (R) GCT TCA CCA CCT TCT TGA TGT C
Hep II (F) GGA AAT CTC AAG TCA ACC ATG ATA T 163
Hep IV (R) ATC TCC ACT GAG CTT CTT GAG TAG
Mmp2 (F) CCC CTG ATG TCC AGC AAG TA 137
Mmp2 (R) TGC GAT GAG CTT AGG GAA AC
Mmp9 (F) GGG TTT TCT TCT TCT CTG GAC G 147
Mmp9 (R) AAC AGC AGA GCC TTC CCG A
Mmp14 (F) GGC CTG GAA CAT TCC AAT GA 142
Mmp14 (R) TCT TTG TGG GTG ACC CTG ACT T
Mmp25 (F) GAA GAA ACG CAC CCT GAC AT 118
Mmp25 (R) GCC TGA TTC AGT AGC CCA GA
IL-5 (F) TGT TGA CAA GCA ATG AGA CGA TGA 136
IL-5 (R) AAT AGC ATT CCA CAG TAC CCC CA
IL-13 (F) AGC TGA GCA ACA TCA CAC AAG ACC 250
IL-13 (R) TGG GCT ACT TCG ATT TTG GTA TCG
IL-17A (F) CAA ACA TGA GTC CAG GGA GAG CTT 291
IL-17A (R) ACT GAG CTT CCC AGA TCA CAG AGG
IFN-γ (F) TCT TGA AAG ACA ATC AGG CCA TCA 221
IFN-γ (R) GAA TCA GCA GCG ACT CCT TTT CC

F: forward primer; R: reverse primer.
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were stained with Biotin-labelled anti-mouse MHC II (I-AII-E)
(clone M5/114, kind gift from Weisan Chen, La Trobe University),
biotin-labelled anti-mouse CD86 (kind gift from Weisan Chen, La
Trobe University), FITC-conjugated anti-mouse CD80 (BD, clone
16-10A1) and FITC-conjugated CD40 (BD, clone 3/23). Biotin
antibodies were labelled with PE-labelled Streptavidin (BD). Cells
were analysed using the CANTO Flow Cytometer and FACS DIVA
software (BD Biosciences, CA) and FloJo 8.8.6 (Tree Star, Ash-
land, OR, USA).

Purification and staining of mouse dermal DCs

Dorsal epidermal and dermal sheets were obtained from the ears of
WT and Hpse−/− mice. The whole ear was initially split into dorsal
(cartilage-free) and ventral halves by pulling apart with tweezers.
The dorsal half was then briefly sterilised in 70% ethanol and
floated split side down onto 1.2 U/mL dispase II for 30 min at
37°C, followed by the separation of the dermal sheet from the epi-
dermis under a dissecting microscope using tweezers for fluores-
cent staining of DCs. The dermal sheet was then cultured in 2 mL
media (10% FCS, 200 mM L-Glutamine, 50 μM 2-ME, 20 μg/mL
gentamycin in RPMI) for 3 days at 37°C and 5% CO2. Cells were
collected and washed twice with 0.1% BSA/PBS before nonspecific
binding of Abs to FcγR was blocked. This was followed with stain-
ing of the maturation markers Biotin-labelled anti-mouse MHC II
(I-AII-E) (Clone M5/114), biotin-labelled anti-mouse CD86, FITC-
conjugated anti-mouse CD80 and FITC-conjugated CD40 (kind gift
from Weisan Chen, La Trobe University). Biotin antibodies were
labelled with PE-labelled Streptavidin. Cells were analysed using
the CANTO Flow Cytometer and FACS DIVA software (BD Bio-
sciences) and FloJo 8.8.6.

Preparation and cell count of LNs and spleens

Auricular and inguinal LNs and spleens were excised from 10-
to 14-week-old C57BL/6 or Hpse−/− mice and passed through a
100 μm cell strainer into serum-free RPMI media. The cells were
washed once with PBS and counted using a haemocytometer.

Preparation and staining of cDCs in the lung and
draining LNs

Lungs or draining LNs were isolated and dissected into small pieces
using a scalpel blade for the lungs or two 26-gauge needles for
the LNs before incubating for 30 min at 37°C in digestion mix
(1 mg/mL collagenase Type IV/HBSS (Ca2+ and Mg2+ free). The
reaction was stopped by the addition of EDTA to a final volume
of 10 mM and further homogenised by passing through an 18-
gauge blunt needle. The cells were passed through a 100 μm cell
strainer with HBSS before being centrifuged at 500 × g for 5 min.
Cells were resuspended in RBC lysis buffer (Sigma Aldrich) and
incubated for 3 min at room temperature before the reaction was

stopped by the addition of 10 mL HBSS and cells were centrifuged
at 500 × g for 5 min.

Conventional DC populations within the lung and LNs were
identified and enumerated by flow cytometry. Briefly, nonspe-
cific binding of Abs to FcγR was blocked. Cells were stained
with combinations of APC-conjugated anti-MHC II (I-AII-E) (eBio-
sciences, clone M5/114.15.2), FITC-conjugated anti-CD11b (BD,
clone M1/70), V450-conjugated anti-mouse CD11c (BD, clone
HL3) and PI. For the electronic gating strategy see Supporting
Information Fig. 7B). Cells were analysed using the CANTO Flow
Cytometer and FACS DIVA software (BD Biosciences). Cells were
analysed using FloJo 8.8.6 (Tree Star).

Real-time RT-PCR

Total RNA was isolated from mouse tissues or cells using TRI
Reagent RT (Molecular Research Centre, OH) and cDNA synthe-
sised from 1 μg of total RNA using an iScript Select cDNA Synthe-
sis Kit (Bio-Rad, CA). cDNA was amplified using FastStart SYBR
Green Master (Roche, Germany) with specific primers (Table 2)
using the Agilent Mx3000P qPCR (Stratagene, CA), with annealing
temperature at 60°C and extension time of 6 s.

Western blotting

Western blot analysis was carried out as described previously
[52] using a rabbit anti-heparanase (Hpa-1; 1:3000; InSight
Biopharmaceuticals, Israel) or a mouse anti-β-actin (AC-15;
1:10 000; Sigma-Aldrich) followed by HRP-conjugated anti-rabbit
Ig (1:10 000; GE Healthcare, England) or anti-mouse Ig (1:1000;
Millipore, MA), respectively.

Heparanase enzymatic activity assay

Heparanase enzymatic activity in cell/tissue lysates was deter-
mined using a TR-FRET-based assay (Cisbio, MA), according to
manufacturer’s instructions. Briefly, cells/tissues were lysed in
1% CHAPS/DMG and protein concentration was quantified using
a BCA assay (Thermoscientific, Rockford, USA). Equal concen-
trations of lysates were diluted 1:1 in buffer (20 mM Tris-HCl,
0.15 M NaCl, 0.1% CHAPS, pH 5.5) before the addition of Biotin-
HS-Eu(K) (0.7 μg/mL Biotin-HS-Eu(K), 0.2 M NaCH3CO2, pH 5.5)
and the reaction incubated at 37°C for 2 hours. XL665-conjugated
Streptavidin (1 μg/mL Strepavidin-XL665, 0.1 M NaPO4, pH 7.5,
1.2 M KF, 0.1% BSA, 2.0 mg/mL heparin) was then added and
the reaction incubated in dark for 16 hours at room tempera-
ture. Excitation of 315 nm and emission at both 620 and 668 nm
was then measured. The percentage of HS degradation was calcu-
lated in relation to FRET positive or negative samples (i.e. pres-
ence or absence of XL665-conjugated Streptavidin, respectively, in
the absence of heparanase). To determine activity per microgram

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



1028 Ivan K. H. Poon et al. Eur. J. Immunol. 2014. 44: 1016–1030

protein, the final percentage of HS degradation was divided by the
absolute amount of lysates assayed.

In vivo DC migration assay (FITC painting assay)

To examine the migration of DEC-205high (including Langerhans
DCs) and DEC-205low (dermal DCs) DCs to the draining LNs,
FITC painting assays were performed as described previously
[31]. WT and Hpse−/− mice were painted on the dorsal side
of each ear with 12 μL of 1% FITC solution prepared in 1:1
(v/v) acetone:dibutlyphthalate. Following FITC painting, auric-
ular LNs were harvested at 24, 48, 72 and 96 hours post-FITC
painting and digested in collagenase (1 μg/mL; Sigma-Aldrich)
for 20 min at 37°C. Cells in suspension were incubated with anti-
CD16/32 (2.4G2; BD Biosciences) to block non-specific binding of
Abs to FcγR and subsequently stained with PE-Cy5.5-conjugated
anti-CD11c (N418; eBioscience, CA), APC-conjugated anti-MHCII
(M5/114.15.2; eBioscience), PE-conjugated anti-DEC205 (NLDC-
145; Miltenyi Biotec) and Fluoro-Gold (Fluorochrome, Inc., CO).
Cells were analysed by flow cytometry using the LSRII Flow
Cytometer and Cell Quest Pro software (BD Biosciences). Elec-
tronic gating strategy is shown in Supporting Information Fig. 7A.
Percentage of migrating DEC-205high or DEC-205low DCs is cal-
culated based on absolute number of FITC+ DEC-205high DC or
FITC+ DEC-205low DC to total FITC+ DEC-205high DC and FITC+

DEC-205low DCs in auricular LNs following FITC painting.

Preparation and ex vivo culturing of ear epidermal
and dermal sheets

Dorsal epidermal and dermal sheets were obtained from the ears
of WT and Hpse−/− mice. For DC staining of dorsal epidermis,
whole ears were floated on 20 mM EDTA/PBS at 37°C for 2 hours.
The dorsal epidermal sheet was then carefully separated from the
ear and mounted for fluorescent staining of DCs.

For the ex vivo explant culture of dorsal dermis, the whole ear
was initially split into dorsal (cartilage-free) and ventral halves
by pulling apart with tweezers. The dorsal half was then briefly
sterilised in 70% ethanol and floated split side down onto 2 mL
of 10% FCS/RPMI-1640 medium in a 12-well tissue culture plate
and cultured at 37°C and 5% CO2 for 48 hours. After culturing,
the dorsal half was floated split side down on 20 mM EDTA/PBS
for 1 hour at 37°C, followed by the separation of the dermal sheet
from the epidermis under a dissecting microscope using tweezers
for fluorescent staining of DCs.

Fluorescent in situ staining of Langerhans cells and
dermal DCs

Isolated epidermis and dermis sheets were placed on microscope
slides and fixed in ice-cold acetone for 20 min at room tempera-
ture. Fixed sheets were rehydrated in PBS then permeabilised in

0.1% saponin/PBS (Sigma-Aldrich) for 1 hour at room tempera-
ture and washed twice with PBS. Blocking was performed using
5% mouse serum (Sigma-Aldrich) for 1 hour at room tempera-
ture, followed by three washes with 0.1% saponin/PBS. Sheets
were then stained with a FITC-conjugated rat anti-mouse I-A/I-E
(MHC-II; BD Biosciences) for 1 h at room temperature and washed
three times with 0.1% saponin/PBS. Slides were mounted with
VectaShield (Victor Laboratories, CA) and images captured using
a Nikon Eclipse Ti microscope and NIS-Elements Ar 3.2 Software
(Nikon Instruments, Japan).

HDM-induced model of allergic inflammation

WT and Hpse−/− mice were i.n. sensitised with 100 μg HDM
extract (HDM from dermatophagoides pteronyssinus, Greer Labo-
ratories, Lenoir, NC) or vehicle (endotoxin-free saline) at day 0, 1
and 2, then challenged with 5 μg HDM or vehicle at day 14, 15,
16 and 17. All mice were killed by an i.p. injection of 60 mg/kg
sodium pentobarbitone on day 18. Tissue eosinophils and con-
ventional DCs were identified and enumerated by flow cytometry.
Briefly, a single-cell suspension of lung cells was obtained and
non-specific binding of Abs to FcγR blocked. Cells were stained
with combinations of FITC-conjugated anti-CD11c, PE-conjugated
anti-MHCII, PerCP-conjugated anti-CD11b (all BD Biosciences),
PE-conjugated anti-Siglec-F (eBioscience), and allophycocyanin-
conjugated anti-Ly6G (Mitenyl Biotec, Germany). Cells were anal-
ysed using the CANTO Flow Cytometer and FACS DIVA software
(BD Biosciences). To quantify eosinophils in the airway mucosa,
and mucus-producing airway epithelial cells, formalin-fixed lung
sections were stained with chromotrope 2R and periodic acid-
Schiff, respectively. Lung gene expression was determined by
qPCR as described previously [53]. HDM-specific T-cell cytokine
responses in draining LN cultures were measured by ELISA as
described previously [54].
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