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Th2 type immune responses are essential for protective immunity against parasites and play crucial roles
in allergic disorders. Helminth parasites secrete a variety of proteases for their infectious cycles including
for host entry, tissue migration, and suppression of host immune effector cell function. Furthermore, a
number of pathogen-derived antigens, as well as allergens such as papain, belong to the family of

KGyW{JTde cysteine proteases. Although the link between protease activity and Th2 type immunity is well docu-
Cysteine protease mented, the mechanisms by which proteases regulate host immune responses are largely unknown.
gzsz;;m Here, we demonstrate that the cysteine proteases papain and bromelain selectively cleave the o subunit
1L-3 of the IL-3 receptor (IL-3Ra/CD123) on the surface of murine basophils. The decrease in CD123
D123 expression on the cell surface, and the degradation of the extracellular domain of recombinant CD123

were dependent on the protease activity of papain and bromelain. Pre-treatment of murine basophils
with papain resulted in inhibition of IL-3-IL-3R signaling and suppressed IL-3- but not thymic stromal
lymphopoietin-induced expansion of basophils in vitro. Our unexpected findings illuminate a novel
mechanism for the regulation of basophil functions by protease antigens. Because IL-3 plays pivotal roles
in the activation and proliferation of basophils and in protective immunity against helminth parasites,
pathogen-derived proteases might contribute to the pathogenesis of infections by regulating IL-3-

mediated functions in basophils.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Th2 type immune responses play crucial roles in allergic disor-
ders and in protective immunity against parasites. Helminth inva-
sion induces Th2-related cytokines including IL-3, IL-4, IL-5, IL-9,
IL-10, IL-13, IL-25, IL-33 and thymic stromal lymphopoietin
(TSLP), thereby mediating expanded populations of eosinophils,
basophils, mast cells and other innate immune cell populations
[1-3]. Basophils are basophilic granulocytes and represent <1% of
peripheral blood leukocytes [4]. Basophils in humans and mice

Abbreviations: Ab, antibody; BMB, bone marrow-derived basophil; IL-3R, IL-3
receptor; LC-MS, liquid chromatography-mass spectrometry; MFI, mean fluores-
cence intensity; PAR, protease-activated receptor; rIL-3, recombinant IL-3; TSLP,
thymic stromal lymphopoietin.
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express FceRI and readily generate large quantities of IL-4, in both
an IgE-dependent and -independent manner, in response to various
stimuli including parasite-derived antigens [5]. Recent studies have
demonstrated the contribution of basophils to protection against
both ecto- and endoparasites and to induction of Th2 type immune
responses that are triggered after parasite infections [5]. Basophil
numbers are increased in several animal models of helminth in-
fections in an IL-3-dependent manner, and mice lacking IL-3 show
delayed expulsion of certain helminths [6,7].

Helminth parasites secrete a variety of proteases, which play
crucial roles in their virulence including in host entry, tissue
migration and suppression of host immune effector cell functions
[8]. Many allergens and allergen sources also have intrinsic prote-
ase activity [9]. A number of pathogen-derived antigens belong to
the clan CA family (papain family) of cysteine proteases, as do al-
lergens such as Der p 1 and Der f 1 from house dust mites and the
papain from papaya (see MEROPS — [10]). Papain is a potent
allergen, is associated with occupational allergy in humans [11],
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and can cause strong Th2 type immune responses [12—15] and
allergic airway inflammation in mice [13,14,16,17]. However,
although the link between protease activity and Th2 type immunity
is well documented, the mechanisms through which host immune
responses are regulated are not fully understood.

Papain induces cytokine/chemokine production in various types
of cells, including in basophils, which is partially mediated by the
protease-activated receptor 2 (PAR2) [18,19]. Protease allergens also
modulate host immune cell functions indirectly via cleavage of
immunoreceptors such as CD25 and CD23 [9,20—22]. We therefore
considered that there must be target molecules other than PAR-2
on basophils that can be cleaved by papain. In the present study,
we found that the cysteine protease activity of papain and
bromelain selectively cleaves the o subunit of the IL-3 receptor (IL-
3Ra/CD123) on the surface of murine basophils, resulting in inhi-
bition rather than activation of IL-3-IL-3R signaling. Our unex-
pected findings illuminate a novel mechanism for the regulation of
basophil functions by pathogen-derived protease antigens.

2. Materials and methods
2.1. Antibodies (Abs) and other reagents

Biotinylated anti-mouse CD49b (DX5), and PE-conjugated anti-
mouse CD11b (M1/70) and CD131 (JORO50) were purchased from
BD Pharmingen (San Diego, CA). FITC-conjugated anti-mouse
FceRlo. (MAR-1) was from eBioscience (San Diego, CA). PE-
conjugated anti-mouse CD45 (30-F11), CD69 (H1.2F3), CD123
(5B11), CD200R (0X-110), and allophycocyanin-conjugated strep-
tavidin were from Biolegend (San Diego, CA). These Abs were used
for flow cytometric analysis. Purified polyclonal anti-STAT5 and
phosphorylated-STAT5 were purchased from Cell Signaling Tech-
nology (Tokyo, Japan) and were used for immunoblot analysis.
Papain and bromelain were purchased from Calbiochem (San
Diego, CA) and, when required, were heat-inactivated by 10-min
incubation at 100 °C [12]. Protein concentrations were measured
using the BCA Protein Assay Kit (Pierce, Rockford, IL). Murine re-
combinant IL-3 (rIL-3) and rTSLP were purchased from Wako Pure
Chemicals (Osaka, Japan) and R&D Systems (Minneapolis, MN),
respectively.

2.2. Mice, and bone marrow cultures

C57BL/6 mice (7—10 weeks old) were purchased from CLEA
Japan (Tokyo, Japan). All animals were used in accordance with the
guidelines of the institutional committee of Juntendo University. To
obtain a basophil-enriched population, bone marrow cells prepared
from the tibias and femurs of mice were cultured for 8 days in RPMI
1640 medium (Sigma—Aldrich, St. Louis, MO) supplemented with
2 mM L-glutamine, 0.05 mM 2-ME, 10% FCS, 100 U/ml penicillin,
100 pg/ml streptomycin and 0.3 ng/ml rIL-3 [23], yielding a cell
population in which CD49b"FceRlo." bone marrow-derived baso-
phils (BMBs) represented 50—60% of the cells. For flow cytometric
analysis, total IL-3-cultured cells or freshly-isolated bone marrow
cells were adjusted to a final concentration of 1 x 10° cells/ml and
were incubated at 37 °C with papain or bromelain in supplemented
RPMI medium without FCS and rIL-3. After incubation, the cells
were washed and used for subsequent analysis. For ELISA analyses
of CD123, culture supernatants of papain-treated cells were
collected and further incubated for 40 min at 37 °C with 10 uM E64
(Peptide Institute, Osaka, Japan) to inhibit the cysteine protease
activity of papain. For immunoblot analysis, IL-3-cultured bone
marrow cells were incubated for 16 h without rIL-3 prior to stim-
ulation. After cell stimulation, cells were washed twice with PBS
and lysed with lysis buffer containing 50 mM Tris—HCI, 150 mM

NaCl, 0.02% sodium azide, 0.1% SDS, 1% Nonidet P-40, protease in-
hibitor cocktail (Sigma—Aldrich), and phosphatase inhibitor cock-
tail (Sigma—Aldrich). Cell lysates were further treated with 10 pM
E64 for 40 min at 37 °C before addition of sample buffer containing
2-mercaptoethanol for SDS-PAGE and heated for 3 min at 95 °C. For
basophil counting, freshly isolated bone marrow cells were incu-
bated for 1 h at 37 °C with 100 pg/ml papain or inactive papain in
RPMI medium, washed, and cultured for 72 h in the presence of
0.3 ng/ml rIL-3 or 1 pg/ml rTSLP at a density of 250,000 cells/500 pl/
well in 24-well plates. Non-adherent cells were collected and the
number of live cells was counted by trypan blue exclusion. Baso-
phils were identified as CD49b"FceRlat cells in flow cytometric
analysis.

2.3. Flow cytometric analysis

Cells were pre-incubated with normal rat serum on ice for
15 min prior to incubation with the indicated combination of Abs,
to prevent the nonspecific binding of irrelevant Abs. Stained cells
were analyzed using a FACSCalibur (BD Biosciences, San Jose, CA),
and data were analyzed with Flow]o software (Tree Star, Ashland,
OR). Dead cells stained with propidium iodide were excluded from
the analyses.

2.4. Cleavage of rIL-3R

For ELISA analysis, a murine recombinant IL-3Ra-human IgG Fc
protein (rIL-3Ra) (R&D Systems) was incubated for 1 h at 37 °C with
papain or bromelain in PBS. For liquid chromatography-mass
spectrometry (LC-MS), 2 mg/ml rIL-3Ra was incubated for 1 h at
37 °C with 20 pg/ml papain in PBS. All samples were further
incubated for 40 min at 37 °C with 10 uM E64 prior to subsequent
analyses.

2.5. ELISA

For detection of IL-3Ra, 96-well plates were coated with
monoclonal anti-mouse CD123 Ab (5B11, Biolegend) overnight at
4 °C (1/200 dilution, 50 pl/well), and were blocked with 20% (v/v)
ImmunoBlock (DS Pharma Biomedical, Osaka, Japan) (60 pl/well).
Bound IL-3Ra was detected with polyclonal goat anti-mouse IL-3Ra
(AF983, R&D Systems) (0.5 pg/ml, 50 pl/well) followed by horse-
radish peroxidase (HRP)-conjugated donkey anti-goat IgG Ab (sc-
2056, Santa Cruz Biotechnology, Santa Cruz, CA) (1/20000 dilution,
50 pl/well). HRP activity was detected by the color development for
20 min using tetramethyl benzidine (BD-OptEIA kit; BD-
biosciences) and the reaction was stopped by adding sulfuric acid.
The optical density at 450 nm, from which that at 570 nm was
subtracted, was used as the signal.

2.6. Immunoblot analysis

Cell lysates prepared as described above were boiled in sample
buffer, separated by SDS-PAGE and electrophoretically transferred
to polyvinylidene difluoride membranes, followed by immunoblot
analysis with various primary and HRP-labeled secondary Abs.
Blots were developed with Luminata Forte Western HRP Substrate
(Millipore, Bedford, MA) and were analyzed with the LAS-4000
(FujiFilm, Tokyo, Japan).

2.7. Liquid chromatography/mass spectrometry (LC—MS) analysis
and identification of several protease-cleaved fragments of IL-3Ra

Murine rIL-3Ra (2 mg/ml) was incubated for 1 h at 37 °C with
20 pg/ml papain in PBS. After incubation, the samples were
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treated with E64, diluted 100-fold with distilled water, and were
then analyzed using LC-MS. The fragment peptides of IL-3Ra were
analyzed using a nano-flow LC—MS system with a direct nano-
flow LC system (DiNa; KYA Technologies, Hachioji, Japan) and an
LTQ Orbitrap XL ETD mass spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA). The samples were injected into a nano LC
Column, C18 RP chromatograph (0.1 mm, inner diameter X
100 mm, KYA Technologies) and eluted with 0.1% formic acid
(solvent A) and 0.1% formic acid in 90% CH3—CN (solvent B) using a
program of 0% solvent B for 30 min, a gradient of 1.45%/min for
55 min, 100% solvent B for 10 min, and a flow rate of 300 nl/min.
The eluted peptides were introduced online into the mass spec-
trometer. Data were searched against the UniPortKB/SwissProt
database using the Mascot search engine (Matrix Science Inc,
Boston, MA) [24,25].

2.8. Statistical analysis

The statistical significance of differences between groups was
analyzed using Student's t-test (two-tailed). p values <0.05 were
considered statistically significant.

3. Results

3.1. The cysteine proteases papain and bromelain cleave CD123, the
a subunit of the IL-3R, on murine basophils

To identify target molecules for papain on basophils, we
analyzed the effect of papain treatment of basophils on the
expression of various cell surface markers using flow cytometry
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(Fig. 1). Unexpectedly, compared with control inactive papain-
treated basophils, papain-treated basophils showed reduced
expression of CD123, the a subunit of the IL-3R, while expression of
other molecules such as CD11b, CD69, CD200R, CD131 (the com-
mon P subunit of IL-3, IL-5 and the GM-CSFR) and CD45 was un-
changed or increased (Fig. 1B). Similar results were obtained in IL-
3-cultured BMBs treated with papain (Fig. 1C) or with bromelain, a
pineapple-derived cysteine protease (Fig. 1D). Treatment with
papain or bromelain reduced the surface expression of CD123 on
BMB:s in a dose- and time-dependent manner (Fig. 2A—D) and the
cysteine protease-specific inhibitor E64 abolished protease-
induced cleavage of CD123 (Fig. 2E and F). The combined data
indicate that both papain and bromelain cleave murine CD123
through their cysteine protease activity.

3.2. Papain and bromelain cause degradation of murine CD123

In previous reports, the house dust mite allergen Der p 1 was
shown to cleave various cell surface immunoreceptors, thereby
releasing soluble forms of some receptors into culture superna-
tants [9,21,26—28]. We next determined if ELISA assays could
detect a cleaved fragment of CD123 in papain-treated superna-
tants. In our hands, approximately >0.6 ng/ml of a murine rIL-
3Ra-Fc protein could be detected by ELISA (Fig. 3A). However, no
CD123 fragment could be detected in the culture supernatants of
BMBs incubated with papain (Fig. 3B), indicating that CD123
fragment concentration was below the detection limit, and/or that
cleaved fragment(s) could not be captured by the Abs used in this
system. Nevertheless, less murine rIL-3Ra-Fc protein was detect-
able by ELISA after incubation with papain or bromelain (Fig. 3C
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Fig. 1. The effect of the proteolytic activity of cysteine proteases on murine basophil surface markers. (A) Representative FACS staining profiles of CD49b and FceRla. of freshly
prepared bone marrow cells from C57BL/6 mice after incubation for 1 h at 37 °C with 100 pg/ml papain or heat-inactivated papain. (B) Relative mean fluorescence intensity (MFI) of
the indicated markers (MFI of specific Ab/MFI of control isotype-matched Ab) gated on CD49b"FceRlo.™ basophils contained in the bone marrow cells. (R1 gate in A). (C and D)
Relative MFI of the indicated markers gated on CD49b"FceRIo.™ basophils contained in IL-3-cultured bone marrow cells after incubation for 1 h with 100 pug/ml papain or heat-
inactivated papain (C) or with 50 pg/ml bromelain or inactive bromelain (D). Data are indicated as means + SD of duplicate cultures. *p < 0.05 by a t-test. Data shown are

representative of three independent experiments with similar results.
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Fig. 2. Cysteine protease activity of papain and bromelain cleaves murine CD123 on IL-3-cultured BMBs. Dose dependency (1 h incubation) (A and B) and time dependency (C and
D) of cysteine protease cleavage of murine CD123. (E and F) Effect of inhibition of protease activity by E64. Total IL-3-cultured bone marrow cells were incubated with papain, heat-
inactivated papain or papain plus E64 (A, C and E) or with 50 pg/ml bromelain, heat-inactivated bromelain or bromelain plus E64 (B, D and F) and the relative MFI of CD123 on gated
CD49b"FceRlo;t BMBs was analyzed. Concentrations of papain and bromelain were: as indicated (A and B), 100 pg/ml (C and E) or 50 pg/ml (D and F). Data are indicated as
means + SD of duplicate cultures. Data shown are representative of three independent experiments with similar results.

and D). Moreover several IL-3Ra fragments were detected by mass 3.3. Papain treatment suppresses IL-3-IL-3R signaling in basophils
spectrometry analysis after papain treatment (Fig. 3E). These data
indicate that papain and bromelain can cause the degradation of We next questioned whether protease-mediated degradation of
murine CD123. CD123 results in inhibition of IL-3-IL-3R signaling, or, alternatively,
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Fig. 3. Papain and bromelain can cause degradation of murine rIL-3Raz/CD123. (A) Detection of a murine recombinant IL-3Ra-human IgG Fc fusion protein (rIL-3Ra) by ELISA. (B)
ELISA analysis of rIL-3Ra in the culture supernatant of total IL-3-cultured bone marrow cells after 1 h incubation with papain. (C and D) ELISA analysis of rIL-3Ra. after 1 h incubation
at 37 °C with papain (C) or bromelain (D). (E) LC-MS analysis or papain cleavage of rIL-3Ra. The amino acid sequence of the extracellular domain of the rIL-3Ra. is shown. The cleaved
fragments detected by LC-MS analysis are underlined. Data are indicated as means + SD of duplicate cultures (A-D). Data shown are representative of three (A-D) or two (E)
independent experiments with similar results.
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Fig. 4. Pretreatment with papain suppresses IL-3-IL-3R signaling in basophils. (A) Absence of STAT5 phosphorylation upon papain treatment. Total IL-3-cultured bone marrow cells
were incubated for 16 h without rIL-3 and were then incubated with 100 pg/ml papain or 10 ng/ml rIL-3. Cells were collected at the indicated time points and whole cell lysates
were prepared. Lysates were subjected to immunoblot analysis using Abs against the naive and phosphorylated form of STAT5 and against p-actin (loading control). (B and C) Total
bone marrow cells were incubated with 100 pg/ml papain or with inactive papain at 37 °C. One hour later, the cells were washed and were then cultured for 72 h with 0.3 ng/ml rIL-
3 or 1 pg/ml rTSLP, or without cytokines (Medium) at a density of 250,000 cells/well. The number of total bone marrow cells (B) or CD49b"FceRla." basophils (C) is shown
(mean + SD of triplicate cultures). Data shown are representative of three independent experiments with similar results. **p < 0.01 by a t-test. NS: no significant difference.

triggers signal transduction downstream of the IL-3R. Although
treatment with papain can reduce the surface expression of CD123
within 10 min as described above (Fig. 2C), tyrosine phosphoryla-
tion of STAT5, an immediate event induced by IL-3, was not
observed in papain-treated BMBs (Fig. 4A). Instead, compared to
control cells, bone marrow cells treated with papain showed lower
responsiveness to IL-3, as judged by the number of cells after cul-
ture (Fig. 4B). Furthermore, pretreatment with papain also resulted
in reduced IL-3 induction of basophil expansion, whereas it did not
alter TSLP-induced expansion of basophils that occurs indepen-
dently of IL-3 (Fig. 4C) [29]. These results suggest that papain
treatment causes inhibition but not activation of IL-3-IL-3R
signaling.

4. Discussion

Protease allergens modulate host immune effector cell functions
directly and indirectly via proteolytic cleavage of various molecules
including tight junction molecules, cell surface molecules, and
endogenous protease inhibitors [9,20]. House dust mite-derived
protease allergens can cleave surface molecules of PAR2, CD25,
CD23, CD40, DC-SIGN, DC-SIGNR and IL-13Ra2 [9,20—22]. Recent
studies identified PAR2 as a target for papain [18,19]; however, little
is known about other receptors that might be cleaved by papain.
We found that papain and bromelain can cause degradation of
CD123, the murine IL-3R o subunit, which results in inhibition
rather than activation of IL-3-mediated function in basophils.

IL-3 is a hematopoietic cytokine that stimulates the survival,
proliferation and differentiation of hematopoietic progenitor cells
[30] and is also a potent primer of basophils [31]. IL-3 plays crucial
roles in protective immunity against certain parasite infections.
Nematode Strongyloides venezuelensis and Nippostrongylus brasi-
liensis infection causes hyperplasia of tissue mast cells, and
enhanced production of peripheral basophils [6,7]. Mice lacking IL-
3 fail to develop mast cell/basophil populations and show delayed
expulsion of worms in S. venezuelensis infection [7]. Moreover,
basophil ablation leads to impaired expulsion of N. brasiliensis in a

model of secondary infection [32]. Furthermore, exogenous IL-3
injection promotes worm expulsion in mice infected with the
nematode Trichinella spiralis [33]. Thus, protease-mediated cleav-
age of the IL-3R could be a possible strategy for certain pathogens
for suppression of host immune effector systems. In our pre-
liminary flow cytometric analysis, papain and bromelain failed to
cleave human CD123 (data not shown). This result might be asso-
ciated with the low homology between mouse and human CD123
(30% identity) [34]. Considering the importance of IL-3 in immunity
against parasites, it is likely that during evolution the amino acid
residues of CD123 changed, resulting in a human CD123 that could
avoid the cleavage caused by pathogen-derived proteases. How-
ever, we cannot exclude the possibility that papain-like cysteine
proteases other than those used in this study can cleave human
CD123.

Human malaria Plasmodium falciparum also expresses a num-
ber of papain-family cysteine proteases, including falcipains, and
their homologues have also been identified in other plasmodial
species [35]. Malaria infection causes transient induction of IL-3 in
both humans and mice, and basophil number is increased in a
model of mouse malaria [36—38]. The role of basophils in pro-
tection against malaria parasites still remains to be elucidated.
However, the non-synonymous polymorphism of the IL3 gene is
associated with the protection of recurrent malaria attacks in
African populations [39]. Future studies may uncover yet unrec-
ognized roles of IL-3 and cysteine protease antigens in the path-
ophysiology of malaria.

In conclusion, the current study identified IL-3R as a novel target
of papain-family cysteine proteases. The drug potency of parasite
clan CA cysteine protease inhibitors is well established [40—42].
Our findings might facilitate the understanding of host-pathogen
interactions, and also cast new light on the development of new
anti-parasitic chemotherapy.
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