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Abstract

Although cell-free systems and immortalized cell lines have been used to demonstrate the
potential health benefits of lupine proteins and peptides, no study has examined the
effects of lupine protein hydrolysates (LPHs) on the immune and oxidative responses of
non-immortalized human cells. Therefore, the aims of this study were to evaluate the
effects of the in vitro administration of LPHs from Lupinus angustifolius on the
immunological and oxidative statuses of human peripheral blood mononuclear cells
(PBMCs) from 53 healthy donors. LPHs reduced PBMCs proliferation and the levels of
Thl, Th9 and Thl7 pro-inflammatory cytokines without being cytotoxic. LPHs also skewed
the pro-/anti-inflammatory balance towards a Th2 protective response. Additionally, LPHs
increased superoxide dismutase and catalase activities, and the total antioxidant capacity
(TAC). This study is the first to show that LPHs reduce T cell inflammatory responses and
improve the anti-inflammatory/pro-inflammatory cytokine balance and the TAC by PBMCs.
Thus, LPHs may represent an effective option for developing nutritional strategies to

prevent pathologies with underlying inflammation and oxidative stress.
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1 Introduction

Over the past few years, a growing body of scientific evidence has highlighted that
proteins and peptides from food products might have beneficial biological effects beyond
their established nutritional value on human health (Bougle & Bouhallab, 2015). Thus, the
study of functional foods from natural sources is an emerging field in the area of food
technology and health due to the increasing popularity of functional foods among
consumers who continually demand healthier products that improve their quality of life and
thus prevent or treat diseases. In this regard, inflammation and oxidative stress are key
components in the progression of several chronic diseases that are considered principal
causes of death in modern society (Dandekar, Mendez, & Zhang, 2015).

Cytokine production reflects the immunological state and characterizes different
subpopulations of immune cells. Type 1 T helper cells (Thl) produce inflammatory
cytokines such as interleukin (IL)-2, interferon-y (IFN-y) and tumor necrosis factor (TNF),
which play a central role in T cell activation and proliferation; Thl cells are also involved in
macrophage activation, and they can evoke cell-mediated immunity and activate
phagocytosis. Type 2 T helper cells (Th2) produces anti-inflammatory cytokines such as
IL-4 and IL-13, and this subset is implicated in inducing antibody-mediated responses
(Romagnani, 2000). Th9, Thl7 and Th22 cells, which produce IL-9, IL-17, and IL-22,
respectively, are involved in inflammatory and autoimmune diseases and in the
development of allergic pathologies (Azizi, Yazdani, & Mirshafiey, 2015; Singh et al., 2014;
Zbikowska-Gotz et al., 2016; Zhao, Xiao, Ghobrial, & Li, 2013). IL-10 is a classical anti-
inflammatory cytokine and is principally synthesized by T regulatory cells, which play a key
role in controlling inflammatory processes (Ouyang, Rutz, Crellin, Valdez, & Hymowitz,
2011).

In addition to cytokines, the immune system uses reactive oxygen species (ROS) to
eliminate pathogens (Torres, Jones, & Dangl, 2006). At physiological levels, ROS are
essential for cell survival; however, a considerable increase in their production could
generate cell damage and death (Yang, Bazhin, Werner, & Karakhanova, 2013). To
prevent irreversible cellular damage, antioxidant systems involved in restoring and
maintaining cell redox homeostasis are activated (Sies, Berndt, & Jones, 2017). Many
different enzymes, such as superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase (GPx) and glutathione reductase (GR), are implicated in the maintenance of
intracellular redox balance by using the same substrate and/or generating a product that

will be a substrate for subsequent antioxidant enzyme (Sies et al., 2017).



The use of food bioactive peptides is a new frontier in the field of nutrition (Hayes, 2018);
the objective of this field is to control biological functions and treat, prevent or reduce the
risk of disease. Peptides become bioactive only when the proteins are hydrolyzed and the
bioactive fragments are released; these bioactive peptides can be generated in vivo
through digestive or microbial enzymes during digestion or in vitro through food processing
(Moller, Scholz-Ahrens, Roos, & Schrezenmeir, 2008). Many different in vitro effects, such
as immunomodulatory (Vernaza, Dia, de Mejia, & Chang, 2012), antioxidant (Lindmark-
Mansson & Akesson, 2000) and antimicrobial actions (Farnaud & Evans, 2003) have
already been described for bioactive peptides. A number of studies have shown that many
peptides derived from animal sources, mostly dairy whey and egg, can influence the
immune response and oxidative balance (Gauthier, Pouliot, & Saint-Sauveur, 2006; Yousr
& Howell, 2015).

Moreover, different studies have shown the in vitro effects of plant protein hydrolysates on
inflammatory markers and oxidative stress. For example, trypsin-digested rice protein
improves immune function by promoting phagocytosis in human leukocytes (Gauthier et
al., 2006), while Vigna subterranea protein hydrolysates can protect against several free
radicals (Arise et al., 2016). Glycine max, commonly called soybean, is one of most
studied vegetables due to its low cost, good nutritional value, functional properties and
ability to yield different products (milk, oil, cheese and tofu) (Singh, Kumar, Sabapathy, &
Bawa, 2008). Thus, several groups have shown that different soybean peptides obtained
with different hydrolysis systems have antimicrobial (Vasconcellos, Woiciechowski, Soccol,
Mantovani, & Soccol, 2014), antidiabetic (Yang, Kwon, Kim, Kang, & Park, 2012),
antioxidant (Yang, Mau, Ko, & Huang, 2000) and oncostatic (Rayaprolu, Hettiarachchy,
Chen, Kannan, & Mauromostakos, 2013) properties. Moreover, these peptides can inhibit
angiotensin | converting enzyme (ACE) activity (Daskaya-Dikmen, Yucetepe,
Karbancioglu-Guler, Daskaya, & Ozcelik, 2017; Shimakage, Shinbo, & Yamada, 2012),
which is implicated in the regulation of blood pressure, and can act upon cholesterol
metabolism (Cho, Juillerat, & Lee, 2007).

The same effects on ACE inhibition have been observed for a protein hydrolysate of
Lupinus angustifolius obtained by pepsin digestion (Boschin, Scigliuolo, Resta, & Arnoldi,
2014). Moreover, total proteins and pepsin- or trypsin-hydrolyzed peptides from different
species of the genus Lupinus have shown in vitro hypocholesterolemic activity (Lammi et
al., 2016).



Lupine seeds belong to the legume family, which is one of the most important food families
in the human nutrition around the world (soybeans, chickpeas, peas, beans, cowpeas,
lentils, etc.). The production of lupine seeds in 2016 was closely to 1.3 million tonnes but
well below the production of other legumes such as soybeans (335.0 MT), beans (26.8
MT) or chickpeas (12.1 MT) (FAOSTAT, 2018). Lupine beans were introduced into
northern Europe as a means of improving soil quality (Van de Noort, 2016). They have a
high protein composition, dietary fiber and antioxidants, and are very low in starch like
soybean as well as being gluten-free. In addition, they possess the relevant advantage of
being genetically modified food-free (Duranti, Consonni, Magni, Sessa, & Scarafoni, 2008).
Although the introduction of lupine in human consumption is still limited, the presence of
“sweet lupine” varieties with low alkaloid content, as those used in the present study,
allows the opportunity to study the obtaining of high added-value compounds with a great
potential in human nutrition such as the bioactive peptides found in this raw material. We
have recently described that Lupinus angustifolius protein hydrolysates (LPHs) obtained
by using a food-grade non-specific endopeptidases Alcalase 2.4 L, can exert anti-
inflammatory effects on both cell-free in vitro systems and cultured macrophages derived
from THP-1 human monocytic cell line (Millan-Linares, Bermudez, Yust, Millan, &
Pedroche, 2014a; Millan-Linares, Yust, Alcaide-Hidalgo, Millan, & Pedroche, 2014b).
Additionally, a peptide identified as Gly-Pro-Glu-Thr-Ala-Phe-Leu-Arg (GPETAFLR)
(Patent number WO 2016051000A1), has been identified as a novel anti-inflammatory in
THP-1 derived macrophages (Millan-Linares, Millan, Pedroche, & Yust, 2015). Therefore,
we hypothesized that LPHs could improve the immune and antioxidant status in human
peripheral blood mononuclear cells (PBMCs).

To the best of our knowledge, there are no studies regarding the bioactive effects of LPHs
on non-immortalized human cells based-models. Thus, in the present study we use an ex
vivo system of cultured PBMCs from healthy donors to explore a wide spectrum of LPHs

immunomodulatory and antioxidant properties.

2 Material and methods

2.1 Characterization and preparation of LPHs

Lupine protein isolate was obtained at the Instituto de la Grasa (Consejo Superior de
Investigaciones Cientificas, Seville, Spain) as described elsewhere (Millan-Linares et al.,
2018; Millan-Linares et al., 2015; Millan-Linares et al., 2014b). Hydrolysis was performed

in a bioreactor under stirring at a controlled pH and temperature. Lupine protein isolate
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was suspended in distilled water (10% w/v), and hydrolyzed with Alcalase 2.4 (2.4 AU/g;
Novozymes, Bagsvaerd, Denmark) for 15 min at pH 8, 50 °C and E/S = 0.3 AU/g protein.
Enzyme was inactivated by heating at 85 °C for 15 min. Finally, the supernatant obtained
after centrifugation at 8000 rpm for 15 min constituted the LPHs that were lyophilized and
stored at room temperature. The chemical composition of the LPHs in dry matter and the
degree of hydrolysis are shown in supplemental Table 1.

The protein concentrations were determined by elemental microanalysis as a percentage
of nitrogen content x 6.25 using a Leco CHNS-932 analyser (St. Joseph, MI, USA). Ash
content was determined by the direct ignition method (550°C for 25 h). Total dietary fiber
was determined according to (Lee, Prosky, & de Vries, 1974). Oil content was measured
using the AOAC method 945.16. Soluble sugars and polyphenols were measured using
standard glucose curves (Moores, Demott, & Wood, 1948) and chlorogenic acid (Dubois,
Gilles, Hamilton, Rebers, & Smith, 1956), respectively.

The degree of hydrolysis, defined as the percentage of peptide bonds cleaved, was
determined by the TNBS method according to (Adler-Nissen, 1979). The total number of
amino groups was determined in a sample that had been 100% hydrolyzed at 110 C for 24
hin6 N HCI.

The molecular profile of the LPHs (supplemental Figure 1) was determined by molecular
exclusion chromatography. The estimation of the molecular weights was held by filtration
gel chromatography in a Akta Purifier system (GE Healthcare) equipped with a Superose
12 HR 10/30 column with an exclusion limit around 2 x 10° Da and an optimal range of
separation of 1000-3 x 10° Da. The elution was developed in a 50 mM sodium phosphate
0.5 M NacCl, 0.02% (w/v) sodium azide buffer and monitored at 280 nm. The analytical flow
was 1.0 ml/min and the protein concentrations of the samples were 1 mg protein/ mL, with
an injection volume of 0.5 mL.

Finally, lyophilized LPHs were freshly dissolved in incomplete RPMI 1640 medium
(BioWest, Nuaille, France) at a final concentration of 4 mg/mL before each experiment.
When completely dissolved, the solution was passed through a sterile membrane filter with

a 0.2 um pore size and then autoclaved.

2.2 Cell culture
Human peripheral blood cells were obtained from the buffy coats of blood samples
provided anonymously from 53 healthy adults donated to the Biobank of the Andalusian

Public Health System at the Virgen del Rocio University Hospital (Seville, Spain). The
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study followed the Helsinki Declaration for medical research involving human subjects; it
was approved by the Virgen del Rocio University Hospital ethical review board (reference
number 2012P1/200) and a written informed consent was obtained from all study
participants. PBMCs were obtained by density gradient separation using Histopaque-1077
solution (specific density 1.077; Sigma-Aldrich, MO, USA). The cells were then cultured at
1x10° cells/mL in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 U/mL penicillin and 100 U/mL streptomycin (BioWest) in the presence or
absence of the proliferation stimulator phytohemagglutinin-P (PHA; 8 pg/mL; Sigma-
Aldrich) and different concentrations of LPHs and incubated at 37°C in a 5% CO,

humidified atmosphere.

2.3 Cell viability and proliferation assays

Cell viability and proliferation were determined in non-stimulated (cell viability) or PHA-
stimulated (cell proliferation) cells cultured for 72 hours in 96 well plates (100,000
cells/well). Cell viability was assayed by adding the cell proliferation reagent WST-1
(Roche Diagnostic, Bassel, Switzerland) during the last 5 hours of culture according to the
manufacturer’s instructions, whereas cell proliferation was determined by using a 5-bromo-
2-deoxyuridin  (BrdU) Cell Proliferation ELISA (Roche) following the manufacturer’s
instructions. Absorbance values were measured for both assays at 450 nm (reference
wavelength: 620 nm) with a Multiskan™ FC Microplate Photometer (Thermo Scientific,
Vantaa, Finland). The background absorbance value from a blank control was subtracted

from all the samples.

2.4 RNA extraction, reverse transcription and real-time PCR

After non-stimulated cells were incubated overnight with/without LPHs in 6 well plates
(6x10° cells/well), RNA was extracted using Tripure Isolation Reagent (Roche) according
to the manufacturer’s instructions. The dried RNA pellets were resuspended in RNase-free
water, and RNA quantity and purity were analyzed using a Nanodrop ND-1000
spectrophotometer (Thermo Scientific). Single-strand cDNA was synthesized from 3 ug of
RNA using a Transcriptor First Strand cDNA Synthesis Kit (Roche). Real-time PCR was
performed with a LightCycler 480 (Roche) and LightCycler® 480 SYBR Green | Master
Mix (Roche). The primer sequences are listed in supplemental Table 2. All amplification

reactions were performed in duplicate. The expression levels of each gene were



normalized to that of B-actin, and the relative expression levels were calculated using the

2248C method.

2.5 Cytokine determination

Representative Thl, Th2, Th9 and Thl7 cytokine levels were determined in the 48-hour
cell culture supernatants of PHA-stimulated PBMCs (100,000 cells/well/96 well plate)
treated with different concentrations LPHs using a Human 13plex Kit FlowCytomix
(eBioscience, San Diego, CA, USA) according to the manufacturer's instructions. The
cytokines were then measured with a BD FACSCanto Il Flow Cytometer (BD Biosciences,
San Jose, CA, USA).

2.6 Antioxidant activity assays

Supernatants from the RNA extraction cell cultures were aliquoted for each antioxidant
activity assay and stored at -20°C. The enzymatic activities of GR (BioVision, CA, USA),
CAT, GPx (Cayman Chemical, MI, USA), and SOD (Arbor Assays, MI, USA) and the total
antioxidant capacity (TAC) (Cell Biolabs, CA, USA) were determined by colorimetric
assays according to the manufacturers’ instructions. The TAC Assay Kit (OxiSelect™)
measures the total antioxidant capacity within a sample through a single electron transfer
mechanism based on copper reduction (Cu?* to Cu*). Samples are compared to a known
concentration of uric acid standards. Samples and standards are diluted with a reaction
reagent and, upon the addition of copper, the reaction proceeds for a few minutes. The
reaction is stopped and the absorbance is recorded at 490 nm. The absorbances were
measured with a Tecan Infinite 200 PRO microplate reader (Tecan, Mannedorf,
Switzerland).

2.7 Statistical analysis

The results are expressed as the mean and standard error of the mean (SEM). All
variables studied were continuous. Variables did not follow a normal distribution, assessed
by the Shapiro—Wilk normality test. Due to human inter-subject variability, we considered
untreated- and LPHSs treated PBMCs from the same subject as paired variables. Thus, we
used the non-parametric Wilcoxon test, a statistical test for non-normal and paired
variables that allowed us to assess the effect of both concentrations of LPHs (0.5 and 0.75
mg/mL) in comparison with untreated cells from the same subject. Additionally,

Bonferroni’s correction was applied to counteract the problem of multiple comparisons.
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Correlations were analyzed by the non-parametric Spearman’s correlation. P values of
<0.05 were considered statically significant. The data were analyzed with SPSS® v24
software (IBM, Armonk, NY, USA).

3 Results

3.1 LPHs reduce cellular proliferation in PHA-stimulated PBMCs without causing
cytotoxicity

The effects of LPHs on cellular proliferation showed that the hydrolysates caused a
significant dose-dependent reduction in PHA-induced cell proliferation compared with that
in the control group (Fig. 1A). To determine whether the anti-proliferative effects of LPHs
were due to cytotoxicity, WST-1 viability assays were performed on PBMCs treated with
LPHs under the same culture conditions as the proliferation study. No effects of LPHs on

cell viability were observed when compared to the control group (Fig. 1B).

3.2 LPHs skew the pro-/anti-inflammatory cytokine balance towards a protective
phenotype

To analyze the possible immunological effects of the hydrolysates, pro- and anti-
inflammatory cytokine levels were determined in cell culture supernatants from PHA-
stimulated PBMCs treated with LPHs at the indicated concentrations. As shown in Table 1,
both of the tested LPHs concentrations significantly decreased the levels of the pro-
inflammatory Thl cytokines IL-2, IL-12, IFN-y and TNF. IL-17 levels were also significantly
decreased after PBMCs were treated with LPHs. Moreover, LPHs significantly diminished
IL-9 production. Th2 cytokines IL-4 and IL-13 were also analyzed. Although IL-4 levels
were not altered, the production of IL-13 was decreased after LPHs treatment. Finally, we
studied the effect of LPHs on the production of IL-10, a classical anti-inflammatory
cytokine. LPHs caused a significant decrease in IL-10 production. Despite the fact that IL-4
production was not affected by LPHs treatment and that IL-10 and IL-13 levels were
reduced, a significant increase in the ratios of IL-4 (Figs. 2A-E) or IL-13 (Figs. 2F-J) and
Thl cytokines (IL-12, IFNy, and TNF) was observed upon LPHs treatment. Additionally,
LPHs also increased the ratios of IL-10/IFN-y and IL-10/IL-12 (Figs. 2L and N). According
to these data, LPHs downregulated the mRNA expression of Thl cytokines (supplemental
Figure 2A and B) whereas LPHs treatment significantly increased the levels of IL-10
MRNA (supplemental Figure 2C).



3.3 LPHs increase SOD and GR mRNA expression

To evaluate possible LPHs effects on cellular oxidative stress, we analyzed the mRNA
expression levels of CAT, GPx, SOD and GR, key antioxidant enzymes participating in the
maintenance of redox homeostasis. Significant increases in the mRNA expression levels
of SOD and GR were observed at the highest dose of LPHs (0.75 mg/mL) (Fig. 3).

3.4 LPHs increase the enzymatic activities of SOD and CAT

SOD activity was significantly increased by both of the tested LPHs concentrations (Fig.
4A), while CAT activity was increased at the 0.75 mg/mL LPHs concentration (Fig. 4B).
Neither GPx activity (Fig. 4C) nor GR activity (Fig. 4D) was affected by LPHs treatment.
We also studied the correlation between different antioxidant enzyme activities by non-
parametric Spearman’s correlation (Table 2). Significant positive correlations between GPx
and GR activities and between SOD and CAT activities were detected for 0.75 mg/mL
LPHs treatment. Moreover, negative correlations among the GPx, SOD and CAT activities

were also observed.

3.5 LPHSs increase the total antioxidant capacity and protect PBMCs from the H>0;
induced oxidative stress

To determine the overall effect of LPHs on the antioxidant status, a TAC assay was
performed. A significant dose-dependent increase in the TAC was detected for both the
LPHs concentrations tested (Fig. 4E). Positive correlations between the TAC and SOD
and CAT activities were detected in the presence of 0.75 mg/mL LPHSs, while negative
correlations between the TAC and GR and GPx activities were found (Table 2). LPHs also
significantly protected from cell death mediated by oxidative stress induced by H»O,

(supplemental Figure 3).

4 Discussion

This study shows the potential beneficial effects of LPHs obtained by hydrolysis with
Alcalase 2.4L, a food-grade non-specific endopeptidases, on the immunological and
oxidative statuses of in vitro cultured human PBMCs from healthy donors. This
endopeptidase was selected as previous studies have shown simple and more efficient
designs of protein hydrolysis through enzymatic hydrolysis with Alcalase regarding another
peptidase (Millan-Linares et al., 2014b). Moreover, Alcalase 2.4 L is a well-known protease

in terms of pH, temperature activity and stability and has a very broad substrate specificity.
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It is a food grade enzyme that has been widely used to prepare soluble protein
hydrolysates from several sources such as soy (Hanafi et al., 2018), fish (Liu et al., 2014)
and lupine (Millan-Linares et al., 2014b) as well as producing bioactive peptides (Zhang,
Olsen, Grossi, & Otte, 2013) and is currently in use in food industry. LPHs showed to have
two mechanisms of action: first, LPHs treatment decreased PBMCs proliferation and Thl,
Th1l7 and Th9 cytokine levels to skew the pro-/anti-inflammatory cytokine balance towards
a protective phenotype; second, LPHs treatment increased both SOD and CAT activities to
yield a higher global antioxidant capacity. To the best of our knowledge, these effects have
not been previously described.

The lack of effects on cell viability after LPHs treatment indicates that the inhibitory effects
on cell proliferation and cytokine production are not related to toxic effects. These results
are in concordance with a previous study in which we described non-cytotoxic LPHSs
effects on macrophages derived from THP-1 human monocytic cell line (Millan-Linares et
al.,, 2014a).

Some food-derived peptides can influence the immune response (Bougle & Bouhallab,
2015; Gauthier et al., 2006). For example, inhibitory effects of recombinant $1-, B3-, and
B6-conglutin proteins from Lupinus angustifolius have been shown on IL-13 and inducible
nitric oxide synthase (iINOS) levels in in vitro cultured PBMCs from type 2 diabetes patients
(Lima-Cabello et al., 2017). We have also previously described the inhibitory effects of
LPHs on TNF production in macrophages derived from THP-1 human monocytic cell line
and their upregulation of the mRNA expression of CCL18 (Millan-Linares et al., 2014a), a
Th2-associated chemokine (Bellinghausen et al.,, 2012). Our present results support the
anti-inflammatory effects of LPHs, which occur through not only a decrease in TNF levels
but also the inhibition of additional Thl cytokines, such as IL-2, IL-12, and IFNy. Some
authors have demonstrated that hydrolysates from animal or vegetable sources can
decrease TNF and/or IFN-y production. For example, ethanol extracts of Salvia plebeian
and soybean protein hydrolysates inhibit inflammatory markers, such as nitric oxide and
TNF, produced by RAW 264.7 macrophages (Jang et al., 2016; Vernaza et al., 2012).
Marine red seaweed (Porphyra columbina) hydrolysates also show anti-inflammatory
effects of down-regulating TNF and IFN-y production and up-regulating IL-10 production in
Concanavalin A-stimulated and LPS-stimulated rat splenocytes (Fan, Bai, Zhu, Yang, &
Zhang, 2014). In contrast, the simulated gastrointestinal digestion product of milk

supplemented with a protein-rich fraction of brewers’ spent grain had no effects on IL-2,
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IFN-y or TNF production in Jurkat T lymphocytes or RAW 264.7 macrophages (Crowley et
al., 2015).

Notably, although LPHs decreased IL-10 and IL-13 levels but had no effects on IL-4 levels
in this study, LPHs significantly increased anti-/pro-inflammatory balance. Specifically,
these hydrolysates increased the ratios of IL-4/IL-12, IFNy, and TNF, as well as the ratios
of IL-13/IFNy, and TNF and IL-10/IFNy. Thus, these ratios indicate that PBMCs produced
more anti-inflammatory cytokine (IL-4, IL-13, and IL-10) respect to pro-inflammatory
cytokine (IL-12, IFNy, and TNF).

IL-4 provides positive feedback in maintaining the Th2 subset of cells, and it is implicated
in the activation of B-cells and their differentiation into plasma cells; IL-13 has an activity
similar to IL-4, but it cannot drive Th2 differentiation (Chomarat & Banchereau, 1998). IL-
10 is implicated in the blockade of cytokine synthesis and in the suppression of
inflammatory responses, thus limiting the potential tissue damage caused by inflammation
(Ouyang et al., 2011). Although some studies have shown that casein (Lahart et al., 2011)
or seaweed (Cian, Lépez-Posadas, Drago, Sanchez de Medina, & Martinez-Augustin,
2012) hydrolysates can increase IL-10 production in a human Jurkat T cell line and rat
lymphocytes, our previous study did not detect any variations in IL-10 mRNA or protein
levels in LPHs-treated macrophages derived from THP-1 human monocytic cell line
(Millan-Linares et al., 2014a). However, GPETAFLR, an octapeptide isolated from LPHs,
increased the IL-10 gene expression in primary human monocytes (Montserrat-de la Paz
et al., 2019).

In the present study, the observed decrease in IL-10 levels could be associated with the
LPHs-mediated reduction in Th2 and Th9 responses since those cell subsets can express
IL-10 (Ouyang et al., 2011). Interestingly, LPHs treatment significantly increased the levels
of IL-10 mRNA. Consequently, we suggest that the decreased levels of IL-10 in the
PBMCs supernatant treated with LPHs is due to its anti-proliferative effect and not to a
direct action on mRNA gene expression, as happens in the Thl cytokines. This is also
supported by the increase in the ratio of IL-10/Thl cytokines in the LPHs-treated PBMCs.
Therefore, to the best of our knowledge, the present study is the first to describe that LPHs
skew the Thl (IL-12, IFNy, and TNF)/Th2 (IL-4, IL-13, and IL-10) cytokine balance towards
a Th2 protective phenotype in a non-immortalized human cell-based system.

Since Thl7 cells are implicated in inflammatory and autoimmune responses (Singh et al.,
2014) and are involved in the pathogenesis of food allergies (Zbikowska-Gotz et al., 2016),

we explored the possible effects of LPHs on IL-17 production. As in the case of Thl cells,
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LPHs diminished the Th1l7 response by reducing IL-17 production. A positive relationship
between IL-17 serum levels and the severity of allergic inflammation has been shown
(Ciprandi et al., 2009). Additionally, IL-17 serum levels are higher in patients with food
allergy hypersensitivity than in control subjects (Zbikowska-Gotz et al.,, 2016). Thus, a
decrease in the levels of this cytokine can reduce the allergic inflammation response and
counteract exacerbated inflammatory responses.

Furthermore, LPHs diminished the Th9 response, which is also implicated in the
development of allergic diseases (Zhao et al., 2013). It has also been suggested that IL-9
plays an important role in food allergies. In fact, IL-9-deficient mice failed to develop
experimental oral antigen-induced intestinal anaphylaxis, while the overexpression of IL-9
induced an intestinal anaphylaxis phenotype (Forbes et al., 2008).

By and large, our data show that LPHs have anti-inflammatory activity and that this effect
is due to the inhibition of pro-inflammatory cytokines from Thl, Thl7, and Th9 cells rather
than the increase in the production of anti-inflammatory mediators, such as IL-10.
Moreover, Th2 cytokines, which are higher in proportion to Thl cytokines, could be
implicated in promoting or maintaining the Th2 subset and thus inhibiting Thl cell
differentiation.

ROS participate in defense mechanisms and play an important role in immunity regulation
(Yang et al., 2013). In this regard, the immune system uses the superoxide radical (O2) to
kill invading microorganisms. Due to the high toxicity of O,", nearly all organisms living in
presence of oxygen have SOD, which catalyzes the dismutation of the O, radical into
ordinary molecular oxygen (O2) and hydrogen peroxide (H»O). The latter is a dangerous
substance as it is the precursor of the highly toxic hydroxyl radical (*OH), which is
produced via the Fenton reaction; thus, H,O, must be quickly removed. Two enzymes are
implicated in the H,O» detoxification process. On one hand, the enzyme CAT can convert
millions of H,O, molecules into water (H,O) and O, every second; on the other hand, the
enzyme GPx reduces H»O, to H,O using the reduced form of glutathione (GSH). GSH
plays an important role in the antioxidant defense system and in many metabolic
processes, such as the detoxification of xenobiotics and some endogenous compounds
(Pisoschi & Pop, 2015). For this reason, the maintenance of GSH levels is an extremely
important biological process; GSH levels are maintained by the GR enzyme, which
catalyzes the transformation of the oxidized form of glutathione (GSSG) to GSH.

It is widely known that antioxidant molecules are present in many foods (Carlsen et al.,

2010). Several authors have reported that vegetable protein hydrolysates have a strong
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antioxidant capacity in in vitro cell-free systems. Brassica napus (rapeseed) protein
hydrolysates exhibit dose-dependent antioxidant functions according to various in vitro
tests (Pan, Jiang, & Pan, 2011). Antioxidant effects were also described for corn gluten
meal hydrolysates (Li, Han, & Chen, 2008). Also, were showed that Cicer arietinum
(chickpea) protein hydrolysates exert antioxidant activity (Torres-Fuentes, del Mar
Contreras, Recio, Alaiz, & Vioque, 2015), and this bioactivity could be increased by
selecting the type of proteases and the hydrolysis duration (Yust, Millan-Linares,
Alcaide-Hidalgo, Millan, & Pedroche, 2012). Additionally, the antioxidant activity of lupine
seed phenolic compounds has already been reported (Siger et al., 2012). Therefore, we
examined the possible antioxidant effects of LPHs on in vitro cultured PBMCs. LPHs
increased SOD and CAT activities without affecting GPx and GR activities. SOD and CAT
enzymes are implicated in the direct and subsequent elimination of O, and H»O,,
respectively (Fig. 5); H.O2 elimination reduces the frequency of Fenton reactions whose
product is *OH, the most devastating ROS to biological macromolecules because it causes
nucleic acid mutation, lipid peroxidation and protein oxidation (Pisoschi & Pop, 2015). As
the SOD-CAT pathway is glutathione-independent, we hypothesize that in the presence of
LPHs, the GSH/GSSG ratio remains invariant. This is in accordance with our results that
show no effects of LPHs on GPx and GR activities. Although the SOD-GPx-GR pathway is
not affected by LPHSs, the total antioxidant capacity was significantly improved in the
presence of LPHSs, suggesting that the SOD-CAT pathway is responsible for ameliorating
the total cellular antioxidant status. In accordance, correlation analyses established that
the augmented SOD activity in LPHs-treated cells is accompanied by an increase in CAT
activity and a decrease in GPx activity. The latter was also negatively correlated with CAT
activity. As expected, GPx and GR activities were positively correlated, whereas we
observed robust positive correlations between TAC and both SOD and CAT and negative
correlations with both GPx and GR. These findings also support that LPHs increase ROS
scavenging through the SOD-CAT pathway instead of SOD-GPx-GR (Fig. 5). LPHs not
only induced a higher anti-oxidant capacity but was also able to protect PBMCs from cell
death induced by oxidative stress.

Although we cannot rule out that the small amount of flavonoids contained in the LPHs
fraction after hydrolyzation (0.06%) can slightly contributes to the biological effect of LPHSs,
a previous study using a synthetic peptide from the LPHSs, lacking polyphenols, has shown
anti-inflammatory effects similar to those described in the present paper using the whole

LPHs. Moreover, we have also described that not all LPHs fractions have anti-
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inflammatory properties, even those, which due to their size, should contain flavonoids
(Millan-Linares et al., 2015), which reinforces the fact that the observed LPHs biological
effects are mainly due to the peptides fraction rather than to their phenolic components.
The non-characterization of the individual peptides produced after Alcalase treatment
could be considered a limitation of the study. However, the main objective of this work
resides in the examination of the whole hydrolysate bioactivity in a more physiological
system (human ex vivo cells) than those previously performed (immortalized cellular line)
with the final purpose of minimizing production costs at the pilot plant level and thus
increasing the possible applicability of this product in the food market.

Inflammation and oxidative stress are also associated with the aging process. In fact, the
loss of the ability to control stress agents and the simultaneous increase in the pro-
inflammatory status is a key feature of aging; this process is called “inflamm-aging”
(Franceschi et al., 2000) and is highly correlated with many diseases, such as Alzheimer's
disease, atherosclerosis, heart disease, type Il diabetes, and cancer (Xia et al., 2016).
Although the positive health benefits of lupine protein derivatives have been shown to
affect pathophysiological conditions, such as hypercholesterolemia, diabetes, and
hypertension (Arnoldi, Boschin, Zanoni, & Lammi, 2015; Lima-Cabello et al., 2017), to the
best of our knowledge this is the first report of the clear action of LPHs on immune and

oxidative responses in non-immortalized human cells.

5 Conclusions

This study is the first to show that LPHs reduce Thl, Thl7, and Th9 pro-inflammatory
responses and increase the anti-inflammatory (Th2)/pro-inflammatory (Thl) ratio in human
peripheral leukocytes; LPHs were also shown to increase the total antioxidant capacity
through enhancing SOD and CAT activities. Therefore, these and previous results from
our group and others show that LPHs may represent an effective option in the generation
of functional foods; this research thus provides new opportunities for developing nutritional
strategies with Lupinus angustifolius as a dietary source of vegetable protein. Therefore,
our next goal is to generate a functional food and evaluate the safety and efficacy to

modulate the immune and oxidative status in a clinical food trial.
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Table 1. Cytokine production levels

LPHs
0 mg/mL 0.5 mg/mL 0.75 mg/mL
IL-2 (pg/mL) 207.3+30.98 140.3+14.86" 137+14.84"
IL-12 (pg/mL) 88.87+12.01 43.59+5.45" 40.91+5.75"
IFN-y (ng/mL) 7.70+0.87 5.22+0.79" 4.28+0.74™
TNF (ng/mL) 14.84+2.0 10.96+1.44" 10.87+1.47"
IL-17 (pg/mL) 337.9+49.55 242.6+38.7" 233.1+39.3"
IL-9 (pg/mL) 215.2+20.78 155.3+15.84" 141.2+13.42"
IL-4 (pg/mL) 63.29+6.1 57.24+6.14 56.04+7.07
IL-13 (pg/mL) 976.8+113.1 762.9+84.12"" 7145+78.3"
IL-10 (pg/mL) 2111+242.9 1690+204.2™ 1592+199.6™

Cytokine production in PHA-stimulated PBMCs after 48 h of treatment with different

concentrations of LPHs (0, 0.5, and 0.75 mg/mL). The data represent the mean and

standard error of the mean of each group (n= 30). * p<0.05; ** p<0.01; *** p<0.001 with

respect to the control group (LPHs O mg/mL). IFN-y: interferon-y; IL: interleukin; LPHSs:

lupine protein hydrolysates;

PBMCs:  peripheral

phytohemagglutinin-P; TNF: tumor necrosis factor.

blood mononuclear

PHA:
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Table 2. Non-parametric

correlations for antioxidant enzymes activities

CAT
r P
SOD 0.500 0.006
CAT
GPx
GR

GPx GR
r P r P
-0.615 0.007 -0.049 0.805
-0.622 0.006 -0.230 0.239
0.682 0.002

TAC

r
0.658
0.490

-0.888

-0.622

P
0.001
0.021

<0.001
0.002

Nonparametric correlations between antioxidant activities at 0.75 mg/mL LPHs (n= 17).

CAT: catalase; GPx: glutathione peroxidase; GR: glutathione reductase; LPHSs: lupine

protein hydrolysates, SOD: superoxide dismutase; TAC: total antioxidant capacity. P: P

value.
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Fig. 1. Cellular proliferation and viability analysis. Cell proliferation in PHA-stimulated
cells incubated for 72 hours with LPHs (0, 0.5 and 0.75 mg/mL; n= 39) (A). Cell viability in
non-stimulated PBMCs cultured for 72 hours with LPHs (0, 0.5 and 0.75 mg/mL; n = 45)
(B). The data are expressed as the percentage of the control group (LPHs at 0 mg/mL)
and represent the mean and standard error of the mean. * p<0.05; ** p<0.01; *** p<0.001.
LPHSs: lupine protein hydrolysates; PBMCs: peripheral blood mononuclear cells; PHA:

phytohemagglutinin-P.

Fig. 2. Anti-/pro-inflammatory cytokine production balance. Ratios of IL-4 (2A-E), IL-
13 (2F-J) IL-10 (2K-O) and pro-inflammatory cytokines (IL-2, IFN-y, TNF, IL-12 and IL-17).
The data are expressed as the mean and standard error of the mean (n= 27). * p<0.05; **
p<0.01; *** p<0.001 with respect to the control group. IFN-y: interferon-y; IL: interleukin;
TNF: tumor necrosis factor.

Fig. 3. Antioxidant enzyme mRNA expression levels. Relative expression levels of
SOD (A), CAT (B), GPx (C) and GR (D) in non-stimulated PBMCs after overnight
treatment with LPHs at different concentrations (0, 0.5, and 0.75 mg/mL). CAT: catalase;
GPx: glutathione peroxidase; GR: glutathione reductase; LPHs: Ilupine protein
hydrolysates; PBMCs: peripheral blood mononuclear cells; SOD: superoxide dismutase.

2288 method and the

The data represent the mean of the value calculated with the
standard error of the mean of each group (n= 18). ** p<0.01, *** p<0.001 with respect to

the control group.

Fig. 4. Antioxidant enzymes activities. Enzyme activities of SOD (A), CAT (B), GPx (C),
GR (D) and TAC (E) in the supernatants from non-stimulated PBMCs cultured overnight
with LPHs at different concentrations (0, 0.5, and 0.75 mg/mL). The activities are
expressed as a percentage of the controls. CAT: catalase; GPx: glutathione peroxidase;
GR: glutathione reductase; LPHSs: lupine protein hydrolysates; PBMCs: peripheral blood
mononuclear cells; SOD: superoxide dismutase; TAC: total antioxidant capacity. The data
represent the mean and standard error of the mean of each group (n= 18). * p<0.05; ***

p<0.001 with respect to the control group.

Fig. 5. General description of the LPHs effects. Representation of the reactions

involved in the detoxification of the superoxide radical (O2) and hydrogen peroxide (H,O,).
26



LPHs augment SOD and CAT activities without modifying GPx and GR activities. Overall,
the LPHs effects increase the TAC. CAT: catalase; GPx: glutathione peroxidase; GR:
glutathione reductase; GSH: glutathione; GSSG: glutathione disulfide; LPHSs: lupine protein

hydrolysates; SOD: superoxide dismutase; TAC: total antioxidant capacity.
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ACCEPTED MANUSCRIPT



Highlights
e LPHSs reduce human PBMCs proliferation.
e Thl, Th9 and Thl7 inflammatory responses are decreased in LPHSs treated PBMCs.
e LPHSs skew the pro-/anti-inflammatory balance towards a protective phenotype.

« The total antioxidant capacity is improved in LPHs-treated PBMCs.
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