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Abstract
Actinidin (Act d 1), a highly abundant cysteine protease from kiwifruit, is one of the major contributors to the development 
of kiwifruit allergy. Many studies have focused on the optimization of Act d 1 purification and its role in the development of 
food allergies. Testing on cell culture monolayers is a common step in the elucidation of food allergen sensitization. In the 
case of cysteine proteases, an additional activation step with l-cysteine is required before the testing. Hence, we aimed to 
evaluate whether l-cysteine already present in commonly used cell culture media would suffice for Act d 1 activation. Suc-
cessfully activated Act d 1 (98.1% of proteolytic activity, as compared to l-cysteine activated Act d 1) was further tested in 
two commonly used 2D model systems (Caco-2 and HEK293 cells) to evaluate its role on the mRNA expression of cytokines 
involved in the innate immunity (IL-1β, IL-6, TNFα, TSLP). Furthermore, the contribution of Act d 1 in the promotion of 
inflammation through regulation of inducible nitric oxide synthase (iNOS) mRNA expression was also examined. These 
results demonstrate that activation of cysteine proteases can be achieved without previous enzyme incubation in l-cysteine 
-containing solution. Act d 1 incubated in cell culture medium was able to modulate gene expression of pro-inflammatory 
cytokines when tested on two model systems of the epithelial barrier.
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Introduction

Cysteine proteases are ubiquitous enzymes that play impor-
tant roles in the protection of the fruit from attack by patho-
gens [1]. Papain-like cysteine proteases are synthesized 
as preproproteins and require extensive posttranslational 
modifications to be converted into their active form. The 
auto-inhibitory N-terminal prodomain, present within the 
catalytic site cleft, is removed upon activation of the pro-
tease [2]. Cysteine proteases, such as bromelain, papain, 
and actinidin require a free sulfhydryl group (Cys 151) to 
exert their catalytic activity [3]. When isolated under native 
conditions, Act d 1 preparation represent a mixture of both 
active and inactive forms [4]. Actinidin is expressed as an 

inactive zymogen approximately 15 kDa larger than the 
native enzyme, with both N- and C-terminal extensions The 
mechanism of activation in vivo is unknown [5]. Hence, an 
additional activation step is necessary to ensure the complete 
activity of the purified proteins [3]. Activation of cysteine 
proteases in vitro is usually achieved by incubation with 
mild reducing agents, such as cysteine. The standard acti-
vation conditions which are used, actinidin activity assays 
require a buffer solution containing 52 mM l-cysteine and 
2 mM EDTA [6, 7].

In the case of actinidin (Act d 1), a major kiwifruit aller-
gen, purified preparations contain a mixture of inactive 
and active enzyme forms [4, 8]. In this study, Act d 1 was 
selected as a model protein with cysteine protease activ-
ity as it seems to have a role in sensitization to kiwifruit 
[9, 10]. There are already well-established protocols for its 
purification [4, 6–8]. Act d 1 activation protocols require 
the addition of l-cysteine and incubation of the protein 
sample for one hour at 37 °C [7]. Nevertheless, most fre-
quently used cell culture media already contain a certain 
amount of l-cysteine. Thus, it appeared prudent to evaluate 
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the suitability of l-cysteine -containing media for activation 
of Act d 1 [11].

Act d 1 is a major kiwifruit allergen, out of thirteen offi-
cially identified and classified allergens by the International 
Union of Immunological Societies Allergen Nomencla-
ture Subcommittee (www.​aller​gen.​org) [12]. This cysteine 
protease represents over 50% of the total kiwifruit protein 
content [5, 9, 13] and is denoted as the major allergen in 
monosensitized individuals suffering from kiwifruit allergy 
[13, 14]. When an allergen-sensitized person is exposed to 
the food antigen, a process of IgE-mediated degranulation 
of effector immune cells is initiated, leading towards the 
fast development of allergic symptoms. On the molecular 
level, the food allergen binds to the IgE molecule, which is 
bound to high-affinity IgE receptors present on the surface 
of effector cells. Afterward, the process of epitope-specific 
crosslinking of IgE receptors occurs, resulting in the secre-
tion of prestored histamine and other important cytokines 
such as interleukin-4 (IL-4), IL-5, and IL-13 [15]. Gastro-
intestinal disorders, urticaria, and anaphylaxis are clinical 
manifestations that accompany the ingestion of allergenic 
foods [16]. Among them, anaphylaxis represents a serious 
challenge as this allergic reaction, involving several organs 
that may prove to be life-threatening [17].

During food allergen exposure epithelial cells crosstalk 
with dendritic cells (DCs) by producing pro-inflammatory 
cytokines such as IL-1β, IL- 6, tumor necrosis factor-α 
(TNF-α), thymic stromal lymphopoietin (TSLP), IL-25, and 
IL-33 [18–21]. These innate immune cytokines have a role 
in pro-inflammatory cascades during food allergy pathogen-
esis [15]. To reach their full proteolytic activity and matura-
tion, IL-1 family members require proteolytic cleavage by 
caspase-1 [22].

Nitric oxide in exhaled breath is synthesized by a fam-
ily of NO synthase (NOS) enzymes and serves as a useful 
marker of airway inflammation [23]. In addition to being 
produced by a wide range of immune and inflammatory 
cell types, NO exerts regulatory effects on these cells and at 
the same time promote Th2 responses, leading to enhanced 
production of IgE and promotion of IgE-mediated diseases 
such as asthma [24]. Besides neuronal and endothelial nitric 
oxide synthase (NOS), which are constitutively expressed, 
an additional inducible NOS (iNOS) is expressed in airway 
epithelial cells during inflammation [23, 25, 26]. Expression 
of iNOS can be significantly up-regulated in the presence of 
inflammatory agents, for example, food allergens [23, 25, 
27]. Increased expression of iNOS correlates with activation 
of the NF-κB signaling pathway in the airway epithelium of 
patients with food allergies [27].

Previous studies have suggested that actinidin activates 
epithelial cells due to its protease activity, which is also 

responsible for cleavage of tight junction proteins and hence 
impairment of epithelial barrier integrity [7, 28, 29]. Upon 
activation of epithelial cells by actinidin, pro-inflammatory 
and pro-allergenic cytokines are synthesized and thus can 
contribute to the sensitization process [28, 29].

This study aimed to investigate the ability of cysteine 
available in the cell culture medium to activate actinidin. 
To this end, several most commonly used cell culture media 
were selected and evaluated in enzymatic activity assays. 
Thereafter, we aimed to evaluate the effects of such activated 
Act d 1 on mRNA expression levels of pro-inflammatory 
molecules.

Materials and methods

Purification of Act d 1

Act d 1 was purified from fresh kiwifruit (Actinidia deli-
ciosa, ‘Hayward’ cv) as previously reported [7, 8]. Briefly, 
kiwifruit was peeled and the pulp was homogenized in 
50 mM sodium citrate buffer, pH 5.0. Extraction of total sol-
uble proteins was performed for 2 h at + 4 °C under constant 
agitation. The slurry was centrifuged (3000×g, 30 min) and 
loaded onto a QAE-Sephadex A-50 column (GE Healthcare, 
Uppsala, Sweden) preequilibrated in 50 mM sodium citrate 
buffer, pH 5.0. Bound proteins were eluted by 1 M NaCl and 
extensively dialyzed against 20 mM TRIS–HCl buffer, pH 
8.0. In the second step the protein sample was applied onto 
an SP-Sephadex C-50 ion-exchange column (GE Healthcare, 
Uppsala, Sweden) equilibrated in the dialysis buffer and the 
column was eluted by a salt step-gradient ranging from 0.1 
to 1 M NaCl with 10 column volumes. A total of 100 mg of 
actinidin was isolated from 300 g of kiwifruit. The purity of 
the obtained actinidin preparation was estimated to be 97% 
by SDS-PAGE. The pure enzyme was lyophilized and stored 
at – 20 °C. The determination of the proteolytic activity of 
the purified enzyme was achieved using casein as a substrate 
[30]. The LPS concentration was determined to be 0.53 EU/
mg (Pierce LAL Chromogenic Endotoxin Quantitation Kit, 
ThermoScientific, USA).

Proteolytic activity of purified actinidin

Proteolytic activity of purified actinidin was quantified by 
using a protease enzymatic assay with casein as a substrate 
as previously described by Čavić et al. [8, 31]. In brief, a 
2% casein solution was prepared in 0.1 M potassium phos-
phate buffer, pH 7.6. A 400 μL aliquot of casein was added 
to 40 μLof 17 mM L-cystine, 120 μL 1 M KH2PO4 pH 
7.0, 40 μL of 17 mM EDTA, 40 μL of 250 mM NaOH, and 
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80 μL of distilled water. The reaction mixture was equili-
brated to 37 °C, after which 80 μL of actinidin was added 
and the assay mixture was incubated for 1 h at 37 °C. The 
enzyme reaction was stopped by the addition of 1.2 mL 
of trichloroacetic acid (TCA, 10%) and the reaction mix-
ture was incubated for an additional hour at 37 °C. Fol-
lowing centrifugation (13,000×g, 15 min) absorbance of 
the supernatant was measured at 280 nm against a blank. 
The blank was prepared by first mixing the enzyme with 
TCA and then adding the casein solution to the enzyme-
TCA mixture. One unit of activity was determined as that 
amount of enzyme which releases acid-soluble fragments 
equivalent to 0.001 A280 per minute at 37 °C under the 
specified conditions.

Activation of purified Act d 1

Lyophilized Act d 1 (1 mg) was dissolved in 1 mL of 
the following cell culture mediums: Minimum Essen-
tial Medium (MEM, Sigma-Aldrich, St. Louis, USA); 
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-
Aldrich, St. Louis, USA); MEM Eagle with Earle’s BSS 
(Lonza, Basel, CH); DMEM Ham’s F12 (Gibco, Invitro-
gen, Paisley, UK), pre-equilibrated at 37 °C. Activation 
was achieved by incubation of dissolved Act d 1 in the cell 
culture medium for up to 1 h, during which aliquots were 
taken at different time points and their proteolytic activity 
determined in the caseinolytic assay. The l-cysteine con-
centration of selected mediums is listed in Table 1.

Cell culture

Caco-2 and HEK293 cells (ATCC, Manassas, VA, USA) 
(passages 15–25) were cultivated in complete Minimum 
Essential Medium (MEM, Sigma-Aldrich, St. Louis, 

USA), which contained 10% heat-inactivated fetal bovine 
serum (FBS) (Sigma-Aldrich, St. Louis, USA, penicillin 
(100 IU), streptomycin (100 µg/mL) (Sigma-Aldrich, St. 
Louis, USA) and 200 mM l-glutamine (Sigma-Aldrich, St. 
Louis, USA). Cells were grown in the incubator at 37 °C 
in the presence of 5% CO2 until confluency.

Treatment of the cell monolayers

The density of seeded cells was 0.3 × 106 cells/well (12 well 
plate) and cultivation proceeded until 80–90% confluence 
was reached. Before the treatment, activation of Act d 1 was 
achieved by incubation of dissolved Act d 1 in cell culture 
medium for 1 h at 37 °C. Act d 1 was inactivated by add-
ing the cysteine protease inhibitor E-64 (Sigma-Aldrich, St. 
Louis, USA) in an equimolar ratio (v/v). Before the treat-
ment, the nutritive medium was aspirated and cells were 
incubated in the serum-free medium for 1 h. Actinidin 
preparations were applied to the cell monolayer and then 
incubated for 6 h according to the previously published pro-
tocol [28]. Monolayers treated with serum-free cell culture 
medium served as a negative control to allow normalization 
of the data and statistical analysis.

Gene expression analysis

Upon treatment, the supernatants were discarded and cells 
were washed with PBS and centrifuged (800×g, 7 min) for 
RNA isolation. Total RNA was isolated using TRI REA-
GENT® BD kit (Sigma-Aldrich, St. Louis, USA) accord-
ing to the manufacturer’s instruction. The complementary 
cDNA and PCR were performed according to a previously 
published protocol [28]. Analysis of mRNA expression level 
was achieved using software for densitometry evaluation of 
agarose gels (Image Studio Lite v5.2 (LI-COR Biosciences) 
[28]. Gene-specific primers (Table 2) for IL-1β, TNFα, IL-6, 
TSLP, and iNOS were purchased from Invitrogen (Paisley, 
UK). Results were normalized to the housekeeping gene 
(GAPDH) and presented as the mean ± standard error of the 
mean (SEM) of the three independent experiments. mRNA 
levels of treated (in-medium-activated or E-64 inactivated 
Act d 1) and non-treated samples (taken as 1) were com-
pared and presented using GraphPad Prism v6.07 (Graph-
Pad Software, California, US).

Activation of the NF‑ĸB signaling pathway 
in HEK293 and Caco‑2 cells

For transient transfection, HEK293 and Caco-2 adherent 
cells were grown in a T-75 flask (Nunc™ EasYFlask™ 
Cell Culture Flasks, Thermo Fisher Scientific, Waltham, 

Table 1   Amount of l-cysteine in different cell culture mediums

Media l-cysteine 
(mM)

Minimum essential medium
(MEM, Sigma-Aldrich, St. Louis, USA);

0.84

Dulbecco’s modified Eagle’s medium
(DMEM, Sigma-Aldrich, St. Louis, USA);

0.69

DMEM Ham’s F12
(Gibco, Invitrogen, Paisley, UK)

0.26

MEM Eagle with Earle’s BSS
(Lonza, Basel, CH)

0.15
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MA, USA) and cultivated in Minimum Essential Medium 
(MEM, Sigma-Aldrich, St. Louis, MO, USA) supple-
mented with 10% heat-inactivated fetal bovine serum 
(FBS), penicillin (100 IU), and streptomycin (100 μg/mL) 
(Sigma-Aldrich, St. Louis, MO, USA) and in 200 mM 
l-glutamine (Sigma-Aldrich, St. Louis, MO, USA) in 
5% CO2 at 37 °C. Before transfection, cells were pas-
saged using 1 × trypsin/EDTA solution (Sigma-Aldrich, 
St. Louis, MO, USA) and seeded in complete growth 
medium containing serum and antibiotics on glass cov-
erslips in a 24-well plate (8 × 104 cells/well). Cells were 
cultured until they reach ~ 80% confluence. On the day 
of transfection 0.4 μg/coverslip of an appropriate DNA 
(Cignal NF-ĸB-GFP Pathway Reporter Assay Kit, Qia-
gen, Hilden, Germany) was diluted with medium without 
serum, antibiotics, and glutamine (Opti-MEM I Reduced 
Serum Media, Thermo Fisher Scientific, Waltham, MA, 
USA) to a total volume of 60 μL/coverslip. Then, 1.5 μL/
coverslip of Attractene Transfection Reagent (Qia-
gen, Hilden, Germany) was added to the DNA solution 
mix and incubated for 20 min at RT. The medium was 
replaced, and the transfection complex was added drop-
wise onto the cells. After 48 h of incubation, cells were 
treated with activated and E-64 inactivated Act d 1 (1 mg/
mL). Treatment was performed for 24 h at normal growth 
conditions. Activation of the NF-ĸB-GFP was assessed 
by fluorescence microscopy.

Statistics

Differences between sample means were evaluated using a 
two-way analysis of variance (ANOVA). To adjust P value 
for multiple comparisons, the Sidak post-test was employed. 
Differences were considered significant at P ≤ 0.05 when 
compared to control.

Results and discussion

Activation of Act d 1 by l‑cysteine present 
in the medium

Act d 1 was isolated from fresh kiwifruit by a combina-
tion of two ion-exchange chromatographies as previously 

Table 2   Human primer 
sequences used in PCR analysis

AT annealing temperature

Target gene (reference) Human primer sequence (5′–3′) AT (°C)

IL-1β (NM_000576.2) For: AAC​CTC​TTC​GAG​GCA​CAA​GG
Rev: GGC​GAG​CTC​AGG​TAC​TTC​TG

49

IL-6 (NM_000600.3) For: ACC​CCC​AAT​AAA​TAT​AGG​ACT​GGA​
Rev: GAG​AAG​GCA​ACT​GGA​CCG​AA

49

TNFα (NM_000594.3) For: GAC​AAG​CCT​GTA​GCC​CAT​GT
Rev: CTC​TGA​TGG​CAC​CAC​CAA​CT

49

TSLP (NM_033035.4) For: TAT​GAG​TGG​GAC​CAA​AAG​TACCG​
Rev: GGG​ATT​GAA​GGT​TAG​GCT​CTGG​

51

iNOS (NM_000625.4) For: ACC​AGT​ACG​TTT​GGC​AAT​GG
Rev: TCA​GCA​TGA​AGA​GCG​ATT​TCT​

49

GAPDH (NM_009386.2) CGA​GGC​ATC​ATC​CCA​AAT​AAG​AAC​
TCC​AGA​AGT​CTG​CCC​GAT​CAC​

58.7

Fig. 1   SDS-PAGE analysis of Act d 1 preparations. Lyophilized Act 
d 1 was dissolved in (1) cell culture medium (2) phosphate buffer pH 
6.5. Proteins were stained by Coomassie Brilliant Blue (CBB)
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described [4, 8]. The purity of the isolated protein was 
> 97% as observed by SDS–PAGE (Fig. 1).

The activation of Act d 1 was usually performed by using 
protocols that involve a pre-incubation step with l-cysteine 
for one hour at 37 °C [7]. Therefore, we evaluated whether 
the activation of Act d 1 could be achieved by the amount 
of l-cysteine, already present in the commonly used cell-
culture media.

Relative proteolytic activity of medium-activated Act d 
1 was analyzed at different time points (Fig. 2). As depicted 
in Fig. 2, Act d 1 was activated in a time-dependent man-
ner and reached activation (98% of relative proteolytic 
activity) in Minimum Essential Medium after one hour, as 
compared to the positive control (Act d 1 activated with 
0.2 mM l-cysteine). At zero time-point, non-activated Act 
d 1 exerted ~ 50% of the proteolytic activity, compared to 
the control sample upon one hour of incubation (100%). For 
the negative control, Act d 1 was irreversibly inactivated 
with E-64, an inhibitor of cysteine proteases. As expected, 
it showed no proteolytic activity during the tested incubation 
period. Incubation of Act d 1 in other tested mediums led 
to a moderate increase of activity, i.e. 38.71% in Dulbecco’s 
Modified Eagle’s Medium; 34.84% in MEM Eagle with Ear-
le’s BSS, 31.87% in DMEM Ham’s F12 compared to Act d 1 
activated with l-cysteine enzyme after an incubation period 
of 1 h (100%). The reason for this is most likely due to the 
different concentrations of l-cysteine present in the media 
(0.84 mM for Minimum Essential Medium; 0.69 mM for 
Dulbecco’s Modified Eagle’s Medium; 0.26 DMEM Ham’s 
F12; 0.15 mM MEM Eagle with Earle’s BSS) (Table 1). 
This is the first protocol showing that Act d 1 activation can 
be achieved with the l-Cys already present in the medium.

Effect of Act d 1 on mRNA expression of IL‑1β, IL‑6, 
TNFα and TSLP

Sensitization to food antigens may occur in the different 
mucosal tissues such as skin, the gastrointestinal, and the 
respiratory tract [22]. After ingestion, food proteins are pro-
teolytically processed by enzymes that are present in the 
gastrointestinal tract [32]. Despite this acidic and proteolytic 
environment, Act d 1 can keep its functional structure, pro-
teolytic activity, and immunological reactivity as long as 2 h 
upon simulated gastric digestion [4], and it can trigger the 
sensitization process [33].

The activation of different dendritic cell subsets in the 
gastrointestinal tract (GIT) and the expression of specific 
co-stimulatory molecules are important in the development 
of the Th2 immune response [34]. Sensitization to kiwi-
fruit develops, in part, as a consequence of the proteolytic 
activity of Act d 1, which can disrupt the intestinal barrier 
integrity through proteolysis of tight junction proteins [7, 
29]. Disruption of the intestinal barrier by allergens with 
protease activity, such as Act d 1, leads to the production of 
pro-inflammatory and pro-allergenic cytokines. These aller-
gens are capable of inducing changes in the morphology of 
the epithelial barrier and of affecting intestinal permeability 
which leads to the interaction of the allergen with the cells of 
the immune system and the initiation of a specific immune 
response and cytokine synthesis [29].

The capacity of the activated Act d 1 to modulate the 
innate immune response was evaluated at the level of mRNA 
expression for IL-1β, IL-6, TNFα, TSLP, and iNOS in two 
in vitro 2D model systems (Caco-2 and HEK293). Epithe-
lial cells are the main source of secreted TSLP in the lungs, 
gut, and skin [21]. Increased level of TSLP expression was 

Fig. 2   Activation of Act d 1 
in cell culture medium. The 
enzyme was incubated in 
l-cysteine -containing nutritive 
medium. Results are expressed 
as relative proteolytic activity 
of the samples compared to Act 
d 1 activated with l-cysteine 
after 1 h (100%). Values are 
presented as mean ± SEM. ns, 
not statistically significant; 
***P ≤ 0.001, ****P ≤ 0.0001 
vs. l-cysteine -activated Act d 1
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observed in airway epithelial cells which promote the role 
of TSLP in the development of a Th2 type allergic inflam-
mation [35, 36]. Our data obtained from two cell lines are 
consistent with the published data, showing an up-regulation 
of TSLP mRNA expression (Fig. 3).

Allergens with protease activity, such as Der p allergens, 
can modulate the expression of pro-inflammatory cytokines 
in sensitized subjects [37]. Cultured airway epithelial cells 
can release IL1-β as a specific response to allergen expo-
sure [37, 38]. Our results are in line with those, as Act d 
1 was able to induce an up-regulation of the mRNA gene 
expression of these cytokines in both cell lines investigated 
(Fig. 3).

Act d 1 induces up‑regulation of mRNA expression 
for iNOS

NO synthesized by iNOS holds a key position in the modula-
tion of inflammatory symptoms [26]. An increased concen-
tration of NO was detected in the exhaled air of patients with 
asthma [15]. Results obtained from the two employed cell 
lines demonstrate that Act d 1 leads to an up-regulation of 
the mRNA expression of iNOS and therefore could contrib-
ute to the promotion of inflammation during type I hyper-
sensitivity reactions (Fig. 3).

Act d 1 Activates the NF‑ĸB Signaling Pathway

Act d 1 activation of NF-ĸB signaling in transfected 
HEK293 and Caco-2 cells were detected as induced GFP 
expression by fluorescence microscopy (Fig. 4) in compari-
son to negative control and E-64-inactivated Act d 1. Before 
treatment, Act d 1 was activated by incubation in MEM. 
The results show that Act d 1 activated in this way leads to 
activation of NF-ĸB Signaling Pathway.

Conclusions

In the current study, a novel activation protocol for kiwi-
fruit cysteine protease Act d 1 was demonstrated. Incuba-
tion at 37 °C for one hour in cell culture media without the 
addition of l-cysteine led to the activation of Act d 1. This, 
proteolytically active form of Act d 1, was tested on both 
HEK293 and Caco-2 cells monolayers, and up-regulation of 
mRNA expression of the innate immunity cytokines (IL-1β, 
IL-6, TNFα, TSLP) and iNOS were observed. This is of high 
importance as these cytokines are involved during the aller-
gen sensitization phase, while iNOS upregulation could lead 
to enhanced production of NO, which in return contributes 
to the inflammation process.

Fig. 3   Effect of Act d 1 on the mRNA expression of cytokines nor-
malized to GAPDH in vitro. Caco-2 (A) and HEK293 (B) cells were 
treated with activated or inactivated Act d 1 for 6  h. Subsequently, 

RNA was isolated and gene expression was evaluated by PCR. Val-
ues are expressed as mean ± SEM of three independent experiments. 
****P ≤ 0.0001 vs. control
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Fig. 4   Visualization of Act d 1-induced activation of NF-ĸB sign-
aling by detecting GFP expression with fluorescence microscopy: 
HEK293 and Caco-2 cells were grown on glass coverslips, trans-

fected with NF-ĸB-GFP plasmid, and treated with Act d 1 (in MEM 
activated or E-64 inactivated). After fixation, cells were mounted on 
glass slides and examined by fluorescence microscopy



4072	 Molecular Biology Reports (2021) 48:4065–4072

1 3

Declarations 

Conflicts of interest  The authors declare that they have no conflict of 
interest.

References

	 1.	 Boland M, Moughan PJ (2013) Advances in food and nutrition 
research. Nutr Benefits Kiwifruit 68:28

	 2.	 Nieuwenhuizen NJ et al (2012) Mapping, complementation, 
and targets of the cysteine protease actinidin in kiwifruit. Plant 
Physiol 158(1):376–388

	 3.	 Arnon R (1970) Papain. Methods Enzymol 19:226–244
	 4.	 Grozdanovic M, Ostojic S, Aleksic I, Andjelkovic U, Petersen 

A, Gavrovic-Jankulovic M (2014) Active actinidin retains 
function upon gastro-intestinal digestion and is more thermo-
stable than the E-64-inhibited counterpart. J Sci Food Agric 
94(14):3046–3052

	 5.	 Boland M (2013) Kiwifruit proteins and enzymes: actinidin 
and other significant proteins. Elsevier Inc., Amsterdam

	 6.	 Grozdanovic M et al (2012) Evaluation of IgE reactivity of 
active and thermally inactivated actinidin, a biomarker of kiwi-
fruit allergy. Food Chem Toxicol 50(3–4):1013–1018

	 7.	 Grozdanovic M et al (2016) Kiwifruit cysteine protease acti-
nidin compromises the intestinal barrier by disrupting tight 
junctions. Biochim Biophys Acta 1860(3):516–526

	 8.	 Cavic M, Grozdanovic MM, Bajic A, Jankovic R, Andjus PR, 
Gavrovic-Jankulovic M (2014) The effect of kiwifruit (Acti-
nidia deliciosa) cysteine protease actinidin on the occludin 
tight junction network in T84 intestinal epithelial cells. Food 
Chem Toxicol 72:61–68

	 9.	 Pastorello EA et al (Apr. 1998) Identification of actinidin as 
the major allergen of kiwi fruit. J Allergy Clin Immunol 101(4 
Pt 1):531–537

	10.	 Popović M, Grozdanović M, Gavrović-Jankulović M (2013) 
Kiwifruit as a food allergen source. J Serbian Chem Soc 
78(3):333–352

	11.	 Ritacco FV, Wu Y, Khetan A (2018) Cell culture media for 
recombinant protein expression in Chinese hamster ovary 
(CHO) cells: history, key components, and optimization strat-
egies. Biotechnol Prog 34(6):1407–1426

	12.	 Wang J, Vanga SK, McCusker C, Raghavan V (2019) A 
comprehensive review on kiwifruit allergy: pathogenesis, 
diagnosis, management, and potential modification of aller-
gens through processing. Compr Rev Food Sci Food Saf 
18(2):500–513

	13.	 Le TM et al (2013) Kiwifruit allergy across Europe: clinical 
manifestation and IgE recognition patterns to kiwifruit aller-
gens. J Allergy Clin Immunol 131(1):164–171

	14.	 Álvarez AM, Sexto L, Bardina L, Grishina G, Sampson H 
(2015) Kiwifruit allergy in children: characterization of main 
allergens and patterns of recognitio. Children 2(4):424–438

	15.	 Hammad H, Lambrecht BN (2008) Dendritic cells and epithe-
lial cells: Linking innate and adaptive immunity in asthma. Nat 
Rev Immunol 8(3):193–204

	16.	 Galand C et al (2016) IL-33 promotes food anaphylaxis in epi-
cutaneously sensitized mice by targeting mast cells. J Allergy 
Clin Immunol 138(5):1356–1366

	17.	 Yu W, Freeland DMH, Nadeau KC (2016) Food allergy: 
Immune mechanisms, diagnosis and immunotherapy. Nat Rev 
Immunol 16(12):751–765

	18.	 Soumelis V et al (2002) Human epithelial cells trigger den-
dritic cell-mediated allergic inflammation by producing TSLP. 
Nat Immunol 3(7):673–680

	19.	 Khodoun MV, Tomar S, Tocker JE, Wang YH, Finkelman FD 
(2018) Food allergy and gastrointestinal disease Prevention 
of food allergy development and suppression of established 
food allergy by neutralization of thymic stromal lymphopoietin, 
IL-25 and IL-33. J Allergy Clin Immunol 141(1):171-179.e1

	20.	 Reithofer M, Jahn-Schmid B (2017) Allergens with protease 
activity from house dust mites. Int J Mol Sci 18(7):11–13

	21.	 Reche PA et al (2001) Human Thymic stromal lymphopoi-
etin preferentially stimulates myeloid cells. J Immunol 
167(1):336–343

	22.	 Sampson HA, O’Mahony L, Burks AW, Plaut M, Lack G, 
Akdis CA (2018) Mechanisms of food allergy. J Allergy Clin 
Immunol 141(1):11–19

	23.	 Lane C et al (2004) Epithelial inducible nitric oxide synthase 
activity is the major determinant of nitric oxide concentration 
in exhaled breath. Thorax 59(9):757–760

	24.	 Coleman JW (2001) Nitric oxide in immunity and inflamma-
tion. Int Immunopharmacol 1(8):1397–1406

	25.	 Rumbo M, Courjault-Gautier F, Sierro F, Sirard JC, Felley-
Bosco E (2005) Polarized distribution of inducible nitric oxide 
synthase regulates activity in intestinal epithelial cells. FEBS 
J 272(2):444–453

	26.	 Hiramoto K, Kobayashi H, Orita K, Sato FE, Ishii M (2013) 
Inducible nitric oxide synthase plays important roles in allergic 
reactions of pollinosis in mice sensitized with pollen allergy. J 
Clin Biochem Nutr 52(1):146–153

	27.	 Liu SF et al (1997) Inducible nitric oxide synthase after sensi-
tization and allergen challenge of Brown Norway rat lung. Br 
J Pharmacol 121(7):1241–1246

	28.	 Nešić A et al (2019) Activation of epithelial cells by the major 
kiwifruit allergen Act d 1 in human and mouse-derived intes-
tinal model. J Funct Foods 62:8

	29.	 Nešić A et al (2019) The kiwifruit allergen Act d 1 activates 
NF- κ B signaling and affects mRNA expression of TJ proteins 
and innate pro-allergenic cytokines. Biomolecules 25:1–13

	30.	 Drapeau GR (1976) Protease from Staphyloccus aureus. Meth-
ods Enzymol 45:469–475

	31.	 Cavic M, Grozdanović M, Bajić A, Srdić-Rajić T, Anjus PR, 
Gavrović-Jankulović M (2012) Actinidin, a protease from 
kiwifruit, induces changes in morphology and adhesion of T84 
intestinal epithelial cells. Phytochemistry 77:46–52

	32.	 Untersmayr E (2015) The influence of gastric digestion on the 
development of food allergy. Rev Fr Allergol 55(7):444–447

	33.	 Uberti F et  al (2015) Molecular characterization of aller-
gens in raw and processed kiwifruit. Pediatr Allergy Immunol 
26(2):139–144

	34.	 Schiavi E, Smolinska S, Omahony L (2015) Intestinal dendritic 
cells. Curr Opin Gastroentero 31(2):98–103

	35.	 Salazar F, Ghaemmaghami AM (2013) Allergen recognition by 
innate immune cells: critical role of dendritic and epithelial cells. 
Front Immunol 4(11):1–10

	36.	 Van Bilsen JHM et al (2017) Application of the adverse outcome 
pathway (AOP) concept to structure the available in vivo and 
in vitro mechanistic data for allergic sensitization to food proteins. 
Clin Transl Allergy 7(1):1–18

	37.	 Rusznak C et al (2001) Interaction of cigarette smoke and house 
dust mite allergens on inflammatory mediator release from pri-
mary cultures of human bronchial epithelial cells. Clin Exp 
Allergy 31(2):226–238

	38.	 Lee HC, Ziegler SF (2007) Inducible expression of the proallergic 
cytokine thymic stromal lymphopoietin in airway epithelial cells 
is controlled by NFκB. Proc Natl Acad Sci USA 104(3):914–919

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	A new approach for activation of the kiwifruit cysteine protease for usage in in-vitro testing
	Abstract
	Introduction
	Materials and methods
	Purification of Act d 1
	Proteolytic activity of purified actinidin
	Activation of purified Act d 1
	Cell culture
	Treatment of the cell monolayers
	Gene expression analysis
	Activation of the NF-ĸB signaling pathway in HEK293 and Caco-2 cells
	Statistics

	Results and discussion
	Activation of Act d 1 by l-cysteine present in the medium
	Effect of Act d 1 on mRNA expression of IL-1β, IL-6, TNFα and TSLP
	Act d 1 induces up-regulation of mRNA expression for iNOS
	Act d 1 Activates the NF-ĸB Signaling Pathway

	Conclusions
	References




