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Introduction

Summary

Serine protease activity of Per a 10 from Periplaneta americana modulates
dendritic cell (DC) functions by a mechanism(s) that remains unclear. In the
present study, Per a 10 protease activity on CD40 expression and down-
stream signalling was evaluated in DCs. Monocyte-derived DCs from
cockroach-allergic patients were treated with proteolytically active/heat-
inactivated Per a 10. Stimulation with active Per a 10 demonstrated low
CD40 expression on DCs surface (P < 0-05), while enhanced soluble CD40
level in the culture supernatant (P < 0-05) compared to the heat-inactivated
Per a 10, suggesting cleavage of CD40. Per a 10 activity reduced the interleu-
kin (IL)-12 and interferon (IFN)-y secretion by DCs (P < 0-05) compared to
heat-inactivated Per a 10, indicating that low CD40 expression is associated
with low levels of IL-12 secretion. Active Per a 10 stimulation caused low
nuclear factor-kappa B (NF-kB) activation in DCs compared to heat-
inactivated Per a 10. Inhibition of the NF-kB pathway suppressed the CD40
expression and IL-12 secretion by DCs, further indicating that NF-xB is
required for CD40 up-regulation. CD40 expression activated the tumour
necrosis factor (TNF) receptor-associated factor 6 (TRAF6), thereby suggest-
ing its involvement in NF-xB activation. Protease activity of Per a 10 induced
p38 mitogen-activated protein kinase (MAPK) activation that showed no sig-
nificant effect on CD40 expression by DCs. However, inhibiting p38 MAPK
or NF-xB suppressed the secretion of IL-12, IFN-Yy, IL-6 and TNF-a. by DCs.
Such DCs further reduced the secretion of IL-4, IL-6, IL-12 and TNF-o by
CD4* T cells. In conclusion, protease activity of Per a 10 reduces CD40
expression on DCs. CD40 down-regulation leads to low NF-xB levels,
thereby modulating DC-mediated immune responses.
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cysteine protease allergen Dermatophagoides pteronyssinus 1
suppresses IL-12 production by DCs, which favours a Th2

Protease allergens from house dust mite, fungi, pollen
grains, animal dander and cockroach cause barrier dysfunc-
tion, induce the production of proinflammatory cytokines
in epithelial cells and keratinocytes, cleave various mol-
ecules and modulate the function of various cell types for
the generation of T helper type 2 (Th2) responses [1-5].
The primary immunological responses are initiated after
antigen presentation by dendritic cells (DCs) that induce
specific T cell stimulation [6]. Proteases from Aspergillus
species induce Th2 responses through limited maturation
of DCs and reduced interleukin (IL)-12 production [7]. The
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response [8]. IL-12 secretion by DCs depends upon the
ability of CD40 expressed by the DCs to receive CD40L-
mediated signals from T cells [9,10]. Signalling through
CD40 in DCs leads to up-regulation of major histocompat-
ibility complex (MHC) I and II, co-stimulatory molecules
CD80/86 and proinflammatory cytokines such as IL-10/j,
IL-6 and IL-12, that participate in T cell function [11-15].
Up-regulation of CD40 by DCs was observed after exposure
to several skin sensitizers [9,10,16]. NiSO, induced CD40
expression and production of IL-6, IL-8 and IL-12p40 in
human DCs [9]. In contrast, stimulation with Der p 1
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induced low CD40 expression on the DCs surface that sup-
pressed IL-12 production [8].

Nuclear factor-kappa B (NF-xB) and mitogen-activated
protein kinase (MAPK) family members are the two major
pathways involved in DC maturation and activation. Studies
also envisage the involvement of membrane raft-restricted
recruitment of tumour necrosis factor (TNF)-receptor-
associated factor(s) that further activate NF-kB and MAPK
[9,10,16]. In a previous study, serine protease activity of Per
a 10 from Periplaneta americana augmented allergen-
induced airway inflammation, characterized by enhanced
airway hyperresponsiveness and increased cellular infiltra-
tion of lungs in a mouse model [17]. The proteolyically
inactive Per a 10, however, elicited a significantly low
immune-inflammatory response. Immunotherapy studies
with proteolytically inactive Per a 10 demonstrated a signifi-
cant suppression of systemic airway inflammation and
enhanced IL-10 secretion in mice compared to the
proteolytically active Per a 10 [18]. Further, it was demon-
strated that the protease activity of Per a 10 modulates DC
functions by CD86 up-regulation and low IL-12 secretion
[19]. However, the signal transduction event(s) in DCs
leading to activation after CD40 engagement and conse-
quent cytokine secretion is poorly understood. In light of
the studies showing that signalling through CD40 is essen-
tial for up-regulation of IL-12, the present study was aimed
to elucidate the role of protease activity of Per a 10 on CD40
expression by DCs and the signal transduction compo-
nent(s) involved in such CD40-mediated DC modulation.

Materials and methods

Per a 10 preparation

Per a 10 was purified from freeze-dried whole-body
P. americana extract by affinity chromatography [20]. The
purity of isolated protein was checked using sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and proteolytic activity tested on gelatin zymogram
under non-reducing conditions [19]. Per a 10 was heated at
95°C for 60 min. Enzymatic inhibition by heat treatment
was confirmed by both azocollagen assay and gelatin
zymogram [19].

Study subjects

Allergic patients diagnosed for asthma and/or rhinitis were
recruited for the study. Patients of either sex were screened
by clinical history, skin prick test (SPT) and specific immu-
noglobulin (Ig)E level against cockroach allergy. Spirometry
was performed using a portable spirometer (Adage Medical
Systems, Via Del Maggiolino, Rome, Italy) and interpreted
using population reference standards. Patients showing
positive SPT and high serum IgE to P. americana and/or Per
a 10 were selected for the present study (Table 1). This work

Table 1. Patients’ demography and specific immunoglobulin (Ig)E OD
values.

Demographic variables (n = 14)

Male (%) 9 (64:3%)
Female (%) 5(35:7%)
Age group (years) 19-41
*FVC % predicted, mean 7216
FEV, % predicted, mean 74-5£32
FEV/FVC % predicted, mean 95-8 £2-7

Intradermal test report (wheal size)
Histamine -+
Periplaneta americana +++
Specific IgE *OD values
P. americana 0-52-0-81 (control
IgE =0-14 £0-02)
0-43-0-67 (control
IgE = 0-09 + 0-01)

Per a 10

*FVC = forced vital capacity; "FEV, = forced expiratory volume in
1 s; and *OD = optical density.

was approved by the Human Ethics Committee of the
Vallabhbhai Patel Chest Institute, Delhi (approval number
VPCI/DirOff/IEC/2012/1296) and written consent was
obtained from the subjects for participation in the study.

Generation of DCs

Monocytes were purified from peripheral blood of
cockroach-allergic patients by the method described previ-
ously [19]. Briefly, peripheral blood mononuclear cells
were separated from heparinized blood by density gradient
centrifugation followed by monocyte separation by posi-
tive selection using anti-CD14 microbeads and the
magnetic-activated cell sorting (MACS) system (Miltenyi
Biotech, Bergisch Gladbach, Germany). Approximately
2 % 10° monocytes were cultured in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (GiBco, Invitrogen, Grand Island, NY, USA),
10 mM HEPES buffer, 2 mM L-glutamine, 100 U/ml peni-
cillin, 100 pg/ml streptomycin (Sigma, St Louis, MO, USA)
and recombinant human granulocyte-macrophage colony-
stimulating factor (rhGM-CSF) (50 ng/ml) plus rhIL-4
(25 ng/ml) at 37°C in 5% CO, incubator to obtain imma-
ture DCs. The immature DCs so obtained were washed
and resuspended in serum-free medium for allergen
stimulation.

Chemical treatment of DCs and allergen stimulation

Monocyte-derived DCs were pretreated with four signalling
cascade inhibitors; namely, SB203580 (20 uM for 30 min; a
p38 MAPK inhibitor, SP600125 (20 uM for 30 min); a ¢-Jun
N-terminal kinase (JNK) inhibitor, U0126 (20 uM for
30 min); an extracellular-signal-regulated kinase (ERK)
inhibitor or Bay 11-7085 (3 uM for 1h), and a NF-xB
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inhibitor separately [10]. Monocyte-derived DCs pretreated
or not with the pharmacological inhibitor were then stimu-
lated with 1pug/ml of proteolytically active or heat-
inactivated Per a 10, respectively. Cells were incubated for
48 h at 37°C in a 5% CO, incubator. Cells treated with the
inhibitor alone were taken as internal control. As
dimethylsulphoxide (DMSO) was used to dissolve the
inhibitors, a DMSO-treated cell was also taken as control.
For CD40 blocking experiments, the DCs were pretreated
with anti-human CD40 blocking antibody (10 pg/ml) for
2 h and stimulated with the respective allergens.

Staining for cell surface markers

After 48 h of maturation, DCs were harvested and washed
with phosphate-buffered saline (PBS) containing 0-1%
(w/v) sodium azide plus 1% (v/v) heat-inactivated fetal
bovine serum. Cells were stained with monoclonal antibod-
ies (mAbs) for mouse anti-human CD14-phycoerythrin,
CD40-fluorescein  isothiocyanate, CD83-phycoerythrin-
cyanin 5 (BD Biosciences, San Jose, CA, USA) or irrelevant
isotype controls for 30 min at 4°C in the dark. Cells were
acquired on an LSR II flow cytometer and analysed using
FlowJo software (Tree Star, Inc., Ashland, OR, USA).

Western blot analysis

After an adequate stimulation time with proteolytically
active or heat-inactivated Per a 10, DCs were harvested
and washed with ice-cold PBS. Cell lysates were prepared
by resuspending the cell pellet in lysis buffer [20 mM
Tris (pH 7-4), 137mM NaCl, 2 mM ethylenediamine
tetraacetic acid (EDTA) (pH 7-4), 1% Triton-X, 25 mM
B-glycerophosphate, 1mM Na;VO,, 2mM sodium
pyrophosphate, 10%  glycerol, 1 mM phenylmethyl-
sulphonyl fluoride (PMSF), 10 pug/ml aprotinin, 10 pg/ml
leupeptin and 10 pg/ml pepstatin] [10]. The homogenates
were centrifuged at 17 600 g for 20 min at 4°C. An equal
amount of denatured protein (50 ug) was loaded onto
12% SDS-PAGE gel and transferred onto nitrocellulose
membrane [10]. Membranes were incubated with antibod-
ies directed against phosphorylated forms of p38 MAPK
(Thr 180/Tyr 182), ERK1/2 or JNK 1/2 (Thr183/Tyr185).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as a loading control.

T cells stimulation assay

Autologous CD4" T cells were isolated from peripheral
blood of allergic patients using the MACS system, as
described previously [19]. DCs pretreated or not with sig-
nalling inhibitors and stimulated with active or heat-
inactivated Per a 10 were co-cultured with autologous CD4*
T cells in triplicate at a ratio of 1:10 for 5 days at 37°C in a
CO, incubator. Culture supernatants were collected and
analysed for cytokine measurement.

Modulation of CD40 on DCs by Per a 10 activity

Enzyme-linked immunosorbent assay

The concentrations of IL-1a., IL-6, IL-12 (p70), interferon
(IFN)-y, TNF-o. (BD Pharmingen, San Diego, CA, USA)
and sCD40 (eBioscience, San Diego, CA, USA) were
detected in undiluted culture supernatant of DCs and
DC-T cell co-cultures using paired antibodies following the
manufacturer’s protocol. IL-4, IL-5 and IL-13 were also
detected in DC-T cell culture supernatants. The detection
limit for IL-1a, IL-4, IL-6, IL-12 (p70), IFN-y, TNF-o and
sCD40 used was 1-1, 7-8, 47, 7-8, 4-7, 7-8 and 692 pg/ml,
respectively.

Statistical analysis

Data were analysed by GraphPad Prism software
(GraphPad Software, La Jolla, CA, USA). Statistical signifi-
cance was determined by one-way analysis of variance
(anova) followed by Dunnett’s multiple comparison tests.
Data are expressed as mean * standard deviation (s.d.). A
P-value < 0-05 was considered significant.

Results

Per a 10 activity conditions DCs with reduced CD40
expression and low IL-12 secretion

Monocyte-derived DCs stimulated with proteolytically
active or heat-inactivated Per a 10 were evaluated for CD40
expression by flow cytometry. Active Per a 10-stimulated
DCs demonstrated low surface CD40 expression compared
to the heat-inactivated Per a 10-stimulated DCs (Fig. la,b).
The level of soluble CD40 was significantly higher
(P<0-05) in active Per a 10-stimulated DC cultures than
the heat-inactivated Per a 10 (Fig. 1c). The IL-12 level was
significantly lower (P < 0-05) in active Per a 10-stimulated
DCs culture supernatant than in the heat-inactivated Per a
10-stimulated DCs (Fig. 2a). Further, to confirm that CD40
is required for IL-12 secretion, CD40 blocking experiments
were performed. Blocking the surface CD40 demonstrated a
significant reduction (P <0-05) in IL-12 secretion by the
DCs after stimulation with the heat-inactivated Per a 10
(Fig. 2b). This shows that CD40 participates in IL-12 secre-
tion by the DCs in response to stimulation with Per a 10.

Protease activity of Per a 10 stimulates p38 MAPK that
is not associated with CD40 expression by DCs

Up-regulation of CD40 by DCs is associated with the acti-
vation of several downstream signalling pathways. In the
present study, protease activity of Per a 10 was evaluated for
its role in activating the MAPK signalling pathway that
might be associated with CD40 expression on DCs. Stimu-
lation of DCs with proteolytically active Per a 10 activates
p38 MAPK, as demonstrated by its phosphorylation in
Western blot analysis (Fig. 3a), while heat-inactivated Per a
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Fig. 1. Effect of Per a 10 protease activity on CD40 expression by dendritic cells (DCs). (a) The histograms represent the CD40 expression by
monocyte-derived DCs that were unstimulated (medium only), stimulated with proteolytically active or heat-inactivated Per a 10 and analysed by
flow cytometry. (b) Mean fluorescence intensity (MFI) values of CD40 expression in unstimulated or stimulated DCs. The MFI value of samples is
corrected with MFI of the isotype control. Data are representative of seven experiments. (c) Soluble CD40 level was estimated in culture supernatant
of DCs stimulated with active or heat-inactivated Per a 10. Data (n = 7) are presented as mean * standard deviation. *P < 0-05; "P < 0-05 in

comparison to medium only.

10 induced weak activation, suggesting the role of Per a 10
protease activity in activating the p38 MAPK pathway.
However, inhibiting the p38 MAPK pathway depicted a
similar level of CD40 expression on DCs compared to that
expressed on the active or heat-inactivated Per a
10-stimulated DCs without prior inhibition (Fig. 4a,c). The
sCD40 levels in the culture supernatant of DCs pretreated
with p38 MAPK inhibitor also remained the same as those
observed by active or heat-inactivated Per a 10-stimulated
DC:s (Fig. 4d). This suggests that although Per a 10 protease
activity may be important for activating p38 MAPK, the
activated pathway has no role in regulating CD40 expres-
sion by DCs. The role of the ERK and JNK pathways in
CD40 expression by DCs was not observed after stimulation
with either the active or heat-inactivated Per a 10 (data not
shown).

Per a 10 activity decreases NF-kB expression, thereby
reducing CD40 expression by DCs

Mature DCs showed intense NF-kB expression after stimu-
lation with heat-inactivated Per a 10 compared to the active
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Per a 10 (Fig. 3b). Further, evaluating the role of NF-xB in
CDA40 expression showed that DCs pretreated with NF-kB
inhibitor (Bay 11-7085) followed by stimulation with heat-
inactivated Per a 10 reduced CD40 expression significantly
compared to that expressed by the DCs stimulated with the
heat-inactivated Per a 10 alone (Fig. 4b,c). Further, sCD40
levels were lower in DCs pretreated with NF-xB inhibitor
followed by heat-inactivated Per a 10 stimulation compared
to those stimulated with heat-inactivated Per a 10 alone
(Fig. 4d). Also, the increased CD40 expression in heat-
inactivated Per a 10-stimulated DCs was accompanied by
elevated levels of TNF receptor-associated factor 6 (TRAF6)
expression (Fig. 3d), which appears to be involved in NF-kB
activation.

Per a 10-stimulated DCs secrete reduced levels of IL-12
and IFN-vy after inhibition of the NF-kB pathway

CD40 up-regulation leads to increased IL-12 secretion.
Here, the role of NF-xB or p38 MAPK in regulating the
secretion of IL-12 by Per a 10-stimulated DCs was analysed.
DCs stimulated with proteolytically active Per a 10 secreted

© 2014 British Society for Immunology, Clinical and Experimental Immunology, 180: 341-351
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Fig. 2. Interleukin (IL)-12 secretion in the culture-supernatant

of dendritic cells (DCs). (a) DCs (n = 7) were stimulated with
proteolytically active or heat-inactivated Per a 10 for 48 h and
evaluated for IL-12 secretion by enzyme-linked immunosorbent assay
(ELISA). (b) DCs (n = 3) were pretreated with CD40 blocking
antibody followed by stimulation with proteolytically active or
heat-inactivated Per a 10 and tested for IL-12 secretion.
Lipopolysaccharide (LPS) was used as a positive control. Data are
presented as mean * standard deviation (s.d.). *P < 0-05; "P < 0-05

in comparison to medium only.

significantly (P < 0-05) lower levels of IL-12 (Fig. 5a) and
IFN-y (Fig. 5b) than heat-inactivated Per a 10. Pretreatment
with NF-«B inhibitor and stimulation with active or heat-
inactivated Per a 10 reduced the IL-12 and IFN-y secretion
compared to that secreted by the active or heat-inactivated
Per a 10-stimulated DCs, respectively (P < 0-:05). Pretreat-
ment with p38 MAPK inhibitor and stimulation with active
or heat-inactivated Per a 10 also showed a decline in IL-12
and IFN-y secretion compared to treatment with the active
or heat-inactivated Per a 10 directly (Fig. 5a,b). This indi-
cates that both NF-xB and p38 MAPK participate in regu-
lating the secretion of proinflammatory cytokines IL-12 and
IFN-v by Per a 10-stimulated DCs.

© 2014 British Society for Immunology, Clinical and Experimental Immunology, 180: 341-351

Modulation of CD40 on DCs by Per a 10 activity

Per a 10-induced IL-6 and TNF-q, secretion is
dependent upon p38 MAPK and NF-kB pathways

IL-6 is known to promote the proliferation of effector Th2
cells mediated by DCs. CD40 expression and the secretion
of IL-6 and IL-12p40 has been shown previously to be regu-
lated via the NF-xB pathway [8,9]. In the present study, the
IL-6 level was significantly high in culture supernatant of
DCs stimulated with proteolytically active compared to
heat-inactivated Per a 10 (P < 0-05) (Fig. 5c). The level of
IL-6 was reduced significantly on pretreatment of DCs with
p38 MAPK or NF-xB inhibitor compared to the cells
treated directly with active Per a 10.

Secretion of TNF-o also declined by the DCs pretreated
with p38 MAPK or NF-kB inhibitor, followed by stimula-
tion with active Per a 10 (P < 0-05), compared to when the
cells were treated directly with proteolytically active Per a 10
(Fig. 5d). However, no such differences were observed for
the heat-inactivated Per a 10 group.

Th cell priming by Per a 10-stimulated DCs is
dependent partly upon p38 MAPK and NF-xB

DCs treated with proteolytically active Per a 10 induced sig-
nificantly high IL-4 (P<0:05), IL-5 (P<0-05), IL-6
(P<0-05), IL-13 (P<0-05) and TNF-a. (P<0-05) by Th
cells compared to the Th cells that were primed by heat-
inactivated Per a 10-treated DCs (Fig. 6). The levels of 1L-4,
IL-5, IL-6, IL-13 and TNF-a secreted by Th cells showed a
reduction when DCs were pretreated with p38 MAPK or

——

(b) NF-kB
— —
©) GAPDH - -
7 2
(d) TRAF6

Fig. 3. Activation of p38 mitogen-activated protein kinase (MAPK)
and nuclear factor-kappa B (NF-xB) in Per a 10-stimulated dendritic
cells (DCs). The DCs pretreated or not with inhibitor for (a) p38
MAPK or (b) NF-xB pathways and stimulated with active or
heat-inactivated Per a 10 were analysed by Western blot. Well 1,
immature DCs; 2, inhibitor alone; 3, inhibitor plus active Per a 10; 4,
active Per a 10 alone; 5, inhibitor plus heat-inactivated Per a 10; and 6,
heat-inactivated Per a 10 alone. (c) Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control and (d)
expression of tumour necrosis factor (TNF) receptor-associated factor
6 (TRAF6) in Well 1, immature DCs; 2, heat-inactivated Per a 10; and
3, inhibitor plus heat-inactivated Per a 10.
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Fig. 4. CD40 expression by dendritic cells (DCs) pretreated with (a) p38 mitogen-activated protein kinase (MAPK) inhibitor-SB203580 or (b)
nuclear factor-kappa B (NF-kB) inhibitor Bay 11-7085 followed by stimulation with proteolytically active or heat-inactivated Per a 10. (c) Mean
fluorescence intensity (MFI) values of CD40 expression of DCs pretreated with p38 MAPK or NF-kB inhibitor. Data are representative of 11
experiments performed. (d) Soluble CD40 levels in culture supernatant of DCs. ‘aPer a 10’ represents active Per a 10 and ‘hPer a 10’ represents
heat-inactivated Per a 10. Data are representative of three experiments performed. *P < 0-05; P < 0-05 in comparison to medium only.
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(s.d.). *P < 0-05; TP < 0-05 in comparison to medium only and heat-inactivated Per a 10 group.

NF-xB inhibitor (Fig. 6a—c,e,g). Conversely, IL-12 and
IEN-y levels were significantly lower (P < 0-05) by Th cells
primed by active Per a 10-treated DCs than those by heat-
inactivated Per a 10-treated DCs (Fig. 6d,f). The IL-12 level
secreted by Th cells was reduced further when the DCs were
exposed to p38 MAPK (P<0-05) or NF-xB inhibitor
(P<0-05) followed by stimulation with proteolytically
active Per a 10 (Fig. 6d).

Discussion

Cockroaches are an important source of allergens among
indoor pests. Exposure to cockroaches increases the risk of
allergic sensitization that may lead to the development of
asthma. Protease-rich P. americana extract has previously

© 2014 British Society for Immunology, Clinical and Experimental Immunology, 180: 341-351

shown significant airway inflammation and increased cellu-
lar infiltration of lungs in mice. The protease activity of Per
a 10 allergen from P. americana induced systemic IgE pro-
duction and a Th2 response in a murine model of airway
inflammation [17]. Another study revealed that proteolytic
activity of Per a 10 biases DC function by CD86
up-regulation and low IL-12 secretion [19]. The low IL-12
secretion was suggested to be associated with CD40 cleavage
by proteolytic activity of Per a 10, rendering the DCs less
responsive to stimulation via CD40 signalling [19]. The Per
a 10-stimulated DCs further primed naive CD4* T cells
towards a type 2 response. The cysteine protease allergen
Der p 1 demonstrated CD40 cleavage on the DC surface
that deprives the DCs of receiving co-stimulatory signals
from T cells, leading to significant reduction in IL-12
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Fig. 6. Cytokine levels (a) interleukin (IL)-4, (b) IL-5, (c) IL-6, (d) IL-12p70, (e) IL-13, (f) interferon (IFN)-y and (g) tumour necrosis factor
(TNF)-o in culture supernatants of dendritic cell (DC)-T cell co-cultures. Autologous CD4* T cells were co-cultured with proteolytically active or
heat-inactivated Per a 10 [pretreated or not with signalling inhibitor (p38 MAPK inhibitor-SB203580 or nuclear factor-kappa B (NF-kB) inhibitor
Bay 11-7085]-stimulated DCs. Data (n = 11) are presented as mean =* standard deviation (s.d.). *P < 0-05.

production [8]. Despite several studies showing the role of
CD40 in stimulating DCs for efficient specific T cell stimu-
lation [9-15], signalling through CD40 in DCs remains
poorly documented. Also, it is imperative to understand if
allergen protease activity plays any role in CD40-mediated
signalling in DCs. Therefore, the present study was under-
taken to elucidate the role of Per a 10 protease activity in
CD40-mediated signalling in DCs and the downstream
components involved.

CD40-induced activation of cytokine gene expression in
DCs is an important process in the initiation of primary
immune response. In the present study, stimulation with
proteolytically active Per a 10 induced a significantly low
CD40 expression on the DC surface compared to that by
heat-inactivated Per a 10. Active Per a 10-stimulated DCs
also secreted low levels of IL-12 in cultures compared to
heat-inactivated Per a 10 stimulation. Studies suggest that
signalling through CD40 is required for efficient IL-12
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Fig. 6. Continued

production [8,11-13]. Thus, the low level of IL-12 observed
in the present study can be correlated with low CD40
expression by DCs which, in turn, might be due to the pro-
tease activity of Per a 10. In addition, the level of soluble
CD40 was higher in active Per a 10-stimulated DC cultures
than that in the heat-inactivated Per a 10. This indicates
that the low CD40 expression on the DC surface is due to
cleavage by proteolytic activity of Per a 10, and hence more
sCDA40 released into the culture supernatant. Further, block-
ing the surface CD40 showed a significant decline in IL-12
secretion after stimulation with heat-inactivated Per a 10,
demonstrating the role of CD40 in IL-12 secretion by DCs.

Heat-inactivated Per a 10

CD40 engagement in DCs leads to the recruitment of
TRAFs to its cytoplasmic domain that mediates the activa-
tion of NF-xB and the MAPK family [9,10,16,21]. Earlier
studies have indicated the role of p38 MAPK activation in
CD40-induced IL-12 synthesis by DCs [22], while others
suggest the involvement of the NF-xB pathway in CD40
expression and production of IL-6, IL-12p40 and IL-8 by
DCs [9,10]. In the present study, proteolytically active Per a
10 demonstrated the phosphorylation of p38 MAPK;
however, inhibiting the p38 MAPK pathway prior to active
Per a 10-stimulation showed no significant differences in
CD40 expression by DCs, suggesting that CD40 expression
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Fig. 7. Diagrammatic representation of CD40-mediated signalling in
human dendritic cells (DCs) in response to Per a 10 stimulation.

in response to Per a 10 stimulation is independent of p38
MAPK. In contrast to this, NF-kB activation was observed
by heat-inactivated Per a 10-stimulated DCs than that by
active Per a 10. Inhibiting the NF-xB prior to heat-
inactivated Per a 10-stimulation showed a significant reduc-
tion in CD40 expression on DCs. Thus, it appears that, first,
CD40 expression by DCs is required for efficient NF-kB
activation and secondly, NF-xB activation is important for
sustained expression of CD40 on the surface of DCs. In
addition, CD40 expression demonstrated the activation of
TRAF6, suggesting that CD40-mediated NF-kB activation
might be a TRAF6-mediated pathway. NF-xB activation is a
widely documented consequence of CD40 signalling that
leads to changes in gene expression [23]. TRAFs have been
suggested as mediators of CD40-induced NF-«B activation,
although there is controversy regarding the involvement of
specific TRAFs in such a response(s). TRAF2 was observed
to be the critical mediator of anti-CD40-stimulated NF-kB
activity and IL-6 gene transcription in fetal-skin dendritic
cells (FSDC) and DC2-4 [23]. In another study, CD40
engagement induced the recruitment of TRAF2 and 3 that
led to IL-1a and IL-18 mRNA expression via a MEK/ERK
pathway in DCs [21].

In the present study, NF-«B inhibition led to reduced
secretion of IL-12 and IFN-y by DCs, providing more evi-
dence that CD40-mediated NF-xB activation regulates the
secretion of IL-12 and IFN-y. Inhibiting p38 MAPK or
NF-xB reduced the level of IL-6 and TNF-o. by DCs, sug-
gesting that secretion of IL-6 and TNF-o. is dependent upon

both pathways and that receptor molecules, apart from
CD40 on the DCs surface, might also participate in regulat-
ing their secretion. Furthermore, Th cell priming ability of
Per a 10-stimulated DCs was dependent upon both p38
MAPK and NF-xB, as demonstrated by the reduction of
IL-4, IL-6, TNF-0o. and IL-12 after inhibiting either of the
pathways.

Taken together, Fig. 7 illustrates that protease activity of
Per a 10 induces CD40 cleavage on the DCs surface that
leads to reduced IL-12 secretion. Active Per a 10 induces p38
MAPK phosphorylation while showing low NF-xB activa-
tion compared to heat-inactivated Per a 10. NF-xB activa-
tion is crucial for CD40 expression by DCs, while both p38
MAPK and NF-kB regulates the secretion of IL-6, IL-12,
IFN-y and TNF-q.

In conclusion, protease activity of Per a 10 is important
in modulating CD40 expression on the DC surface. Engage-
ment of CD40 on the DC surface leads to TRAF6 recruit-
ment that induces NF-xB activation and secretion of
proinflammatory cytokines, such as IL-12. Heat-inactivated
Per a 10 could be explored further for immunomodulatory
functions.
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