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ABBREVIATIONS:

APC: antigen-presenting cells

CFSE: carboxyfluorescein diacetate N-succinimidyl ester
DCs: dendritic cells

HO-1: Hemoxigenase 1

LPS: Lipopolysaccharide

moDCs: monocyte-derived DCs

Nrf2: Factor erythroid 2-related factor-2

SFN: Sulforaphane

ABSTRACT: Background: Sulforaphane (SFN) is an isothiocyanate of vegetables origin with potent
antioxidant and immunomodulatory properties. The pleiotropic activities characterization in hu-
man dendritic cells (DCs) is poorly summarized. The aim of this work was the study of the immuno-
modulatory power of SFN in response to an inflammatory microenvironment on human monocyte
derived DCs (moDCs). Methods: The immunological response induced by SFN was studied, eval-
uating apoptosis and autophagy assays by flow cytometry in moDCs and cancer cell line (THP-1),
including moDCs maturation, lymphocyte proliferation and cytokines production under different
experimental conditions associated or not with an inflammatory microenvironment, which was in-
duced by lipopolysaccharide (LPS). Results: Our results demonstrated that SFN can interact with
moDCs, significantly reducing autophagy process and enhancing apoptosis, such as THP-1 cells, in
chronic inflammatory microenvironment. Under this chronic inflammation, SFN modulated the
phenotypical characteristics of moDCs, which reduction the expression of all markers (CD80, CD83,
CD86, HLA-DR and PD-L1), and significantly reduced the Th2 proliferative response together with
the reduction of the IL-9 and IL-13 levels. Although we did not find changes in the regulatory pro-
liferative response, we observed an increase in IL-10 levels. Conclusion: These findings demonstrate
that SEN exerts protective effects against LPS-induced inflammation through moDCs/T-cells mod-
ulation towards a regulatory profile. Therefore, SFN may be a potential candidate for use in the
treatment of pathologies with an inflammatory profile.
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1. Introduction

Sulforaphane (SFN), an isothiocyanate of plant origin found in cruciferous vegetables, such as
broccoli, presents potent antioxidant [1] and immunomodulatory properties, such as anti-inflamma-
tory, anti-carcinogenic (including histone deacetylase inhibibitory action), anti-microbian, anti-Alz-
heimer, anti-diabetes effects [1-4]. These pleiotropic activities derive from their ability to influence
multiple signaling pathways, highlighting the nuclear factor erythroid 2-related factor-2 (Nrf2) and
hemoxigenase 1 (HO-1) pathways [1,5] in different immune cells, such as monocytes, macrophages,
lymphocytes and dendritic cells (DCs) [6]. In addition, these pathways have also been studied in
microglia and neurons [5,7]. Specifically, it has been demonstrated that SEN activation of this signal-
ing Nrf2 pathway in DCs produces their polarization towards a tolerogenic phenotype [8-11]. This is
due to DCs are professional antigen-presenting cells (APC), and essential for interacting with naive
T lymphocytes [12]. DCs through of a maturation process can modulate the tolerant or the effector
immune responses mediated by different subtypes of T lymphocytes and the microenvironment [13-
16]. We previously have demonstrated that DCs capacity to induce proliferation of specific lympho-
cytes from drugs or food allergic patients compared with other APCs, such as B cells, or monocytes,
improving the in vitro diagnosis of this patients [13-15]. Moreover, our group have presented data in
the characterization of pathway signaling in DCs or neutrophils [17-20]. Little is known about the
initial steps mediated by the innate immune system after up-take of SFN nutraceutical and the T-
lymphocyte-mediated response generated in a proinflammatory environment. As novel findings, in
this study, we showed for the first time that SFN in an inflammatory environment could potentially
reduce the type 2 immune response on human DCs. In this sense, we have studied the proliferation
and modulation of the T-cell-mediated response in these experimental conditions. Therefore, we
show that SFN in a proinflammatory environment exerts an important effect on DCs phenotypic
changes, which induce T-cell activation, reducing the Th2 proliferative response and increasing the
IL-10 levels in an in vitro situation with LPS.

2. Material and Methods

2.1. Subjects of study

The biological samples used for this work were obtained from twelve healthy subjects older than
18 years. The samples collection was approved by the Research Ethics Committee of the Hospitales
Universitarios Virgen Macarena — Virgen del Rocio (code: ID-SOL2022-21799) and, before it, each
subject signed an informed consent for inclusion in the study.

2.2. Sample collection and cell culture

Samples from controls were processed following current procedures immediately after their re-
ception and kindly provided by the BBSSPA, unit HH.UU. Virgen Macarena — Virgen del Rocio.
PBMCs and moDCs were obtained from peripheral blood (40mL) from the healthy subjects included
in the study. PBMCs were isolated by centrifugation on a gradient with Ficoll (Sigma, Madrid, Spain)
using standardized protocols. Monocytes were purified from PBMCs by positive selection with anti-
CD14 magnetic microbeads following the manufacturer's protocol (Miltenyi Biotec, Bergisch Glad-
bach, Germany), showing a purity of more than 95%, as assessed by flow cytometry (data not shown).
CD14cell fractions were frozen for further use. Monocytes (CD14+ cells) were cultured in complete
medium as described by us previously for the generation of monocyte derived DCs [17].

2.3. Generation of DCs

Monocyte-derived DCs (moDCs) were generated from CD14* monocytes as described [21] by
culturing them in complete medium adding 200 ng/mL GM-CSF and 100 ng/mL IL-4 (both from R&D
Systems Inc, Minneapolis, MN) at 5% COzat 37 °C as described [17].
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2.4. Cytotoxicity assay

moDCs and THP-1-cells seeded in 96-well plates (5 x 10* cells/well) were incubated in presence
or absence of 100ng/mL LPS of Escherichia coli0127: B8 (Sigma-Aldrich, Saint Louis, MO) as positive
control of chronic inflammation and, 10, 20, and 30 uM SFN (Sigma-Aldrich) nutraceutical of study,
for 48 h. In addition, the THP-1 was included as model of cancer cell line, since it is monocytes iso-
lated from peripheral blood from an acute monocytic leukemia patients. At the end of the exposure
time, the effect on cell growth/viability was analysed by flow cytometry using LIVE/DEAD™ viabil-
ity kit (Thermo Fisher Scientific). Cell survival was measured as the percentage of alive cells (viability
%) compared with non-treated control cells.

2.5. Activation assays of DCs

On day 5, moDCs and THP-1 were seeded in 96-well plates (5 x 104 cells/well) and treated with
10uM SEN during 48 h, which showed to be the optimal concentration for moDCs maturation and
proved to be non-cytotoxic effects, in presence or absence of 100 ng/mL LPS, which induce a strong
inflammatory response as model of chronic inflammatory diseases [22].

2.6. Apoptosis assays

To detect the type of cell death that SFN can trigger, the FITC annexin V apoptosis detection kit
(BD Biosciences Pharmingen) was used, following manufacturer instructions. Briefly, first, moDCs
and THP-1 cells were seeded in 96-well plates (5 x 10 cells/well) and treated with 10uM SFN and/or
LPS during 48 h. Then, samples were incubated at room temperature in the dark for 15 minutes with
FITC annexin V and Propidium Iodure (PI). Cells were acquired by using MACSQuant VYB flow
cytometry (Miltenyi Biotec) and data were analyzed with FlowJo software (Tree Star, Inc., Ashland,
OR). Results were expressed as the percentage of positive cells.

2.7. Autophagy assay

Treated or nontreated moDCs (5 x 104 cells/well) were collected for the detection of autophagy
after 48 h of culture at 37°C, 5% CO:s. Cells were washed and fixed in 4% paraformaldehyde (PFA) for
10 min at RT with gentle shaking. Then, cells were permeabilized with rinse buffer (PBS, 20 mM tris-
HC], 0.15 M NaCl and 0.05% tween-20) and incubated at room temperature and with gentle shaking
for 30 min. Cells were washed with blocking solution (PBS and 3% BSA). Next, cells were incubated
with LC3B-APC antibody (Novus Biologicals) for 30 minutes in dark, at room temperature. Finally,
cells were acquired by flow cytometry and analyzed with FlowJo software, as previously we de-
scribed. Fold change was calculated for LC3B (% LC3B expression on stimulated moDCs / % LC3B
expression on unstimulated moDCs).

2.8. Phenotypic analysis of moDCs

Treated or nontreated moDCs (5 x 104 cells/well) were incubated for 15 minutes at room temper-
ature with specific mAbs (HLA-DR-FITC, PD-L1-PE, CD86-PerCP, CD80-PE-Cy7, and CD83-APC
(Biolegend) or with an isotype-matched control (data not shown). Cells were acquired by flow cy-
tometry and analyzed with Flow]o software, as previously we described. Results were expressed as
fold change of the percentages of expression for each surface marker on moDCs. Fold change was
calculated for each marker as (% marker expression on stimulated moDCs / % marker expression on
unstimulated moDCs).

2.9. Specific Proliferative Response

The specific proliferation of different lymphocyte subpopulations was evaluated using, as APCs,
autologous moDCs pre-stimulated with 10 uM SEN in presence or absence of LPS for 48 h previously
described. Proliferation was determined using a 5,6- carboxyfluorescein diacetate N-succinimidyl es-
ter (CFSE) dilution assay (Thermo Fisher Scientific). A total of 1.5 x 106 /mL pre-labeled CD14-cells
were cultured with moDCs pre-stimulated in different experimental combinations (10:1 ratio) at a
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final volume of 250 pL of complete medium in 96-well plates for 6 days at 37 °C and 5% CO:. More-
over, 10 pg/mL phytohemaglutinin (Sigma-Aldrich) was used as positive proliferative control and
unstimulated moDCs as negative proliferative control. The proliferative responses were assessed by
flow cytometry, analyzing CFSElw expression in the different cell subsets as T-lymphocytes
(CD3*CD4'T-, CD3*CD4*CRTH2Th2-, CD3*CD4*CRTH2-Th9- and CD3*CD4CD25*CD127- as Treg-
cells). For more details of the fluorescent antibodies used see Table S1 in supplementary material.
Results were expressed as fold change of the percentages of CFSElv for each subpopulation cell. Fold
change was calculated for each cell subset as (% CFSE"* stimulated moDCs:CD14-PBMCs / % CESElow
unstimulated moDCs:CD14- PBMCs).

2.10. Cytokine production

Cytokine production (IL-4, IL-5, IL-9, IL-10, IL-13 and IFNY) from supernatant cell cultures
(moDCs: CD14- PBMCs) collected after 7 days, was determined with a human ProcartaPlex Multiplex
Immunoassays kit (Thermo Fisher Scientific), following the manufacturer’s indications and detected
in a Bio-Plex 200 (Bio-Rad, Hercules, CA). Data were analyzed using Bio-Plex Data Analysis Software
(Bio-Rad). Results were represented as fold change for the concentration of each cytokine.

2.11. Statistical analysis

The data were analysed using the Shapiro-Wilk test to determine the normal distribution, but
the most variables were fitted to non-parametric distribution. The Friedman test was used to find
significant differences due to the effects of different LPS, SFN and SFN+LPS between subjects from
the same group. If the Friedman test indicated the existence of significant differences between treat-
ments, we used the Wilcoxon signed rank test to compare between pairs of related samples, resulting
in three post hoc tests (LPS vs SNF; LPS vs SEN plus LPS; and SEN vs SEN plus LPS). The significant
differences were reported as (*) and (**), representing a p-value < 0.05 and < 0.01, respectively. The
statistical analysis was carried out using Graphpad Prism?7.

3. Results and Discussion

3.1. Sulforaphane induces apoptosis on inflammatory moDC

The SFN optimal concentrations used on moDCs from healthy subjects were analyzed by a dose-
response curve assay. After 48 h in culture, we measured the percentage of viable moDCs exposure
of increasing doses (10, 20 and 30 uM) SFN (Figure S1A). We assessed viable treated-moDCs by bind-
ing a fluorescent dye to free amines inside and the cell membrane of the necrotic bodies, through the
flow cytometer. When we compared moDCs without stimulation, or stimulated with SEN increasing
doses, we observed that the cell viability was strongly engaged from 20 uM SFN (Figure S1A). This
is in line with data from Wang lab [10], although they described that the inhibition of cell viability
slightly started at 25 uM. We selected the 10 uM SFN as optimal in vitro assay doses, because at this
concentration, the moDCs viability did not affect the overall moDCs viability (Figure S1B). Similarly,
when we added 100 ng/mL LPS as positive control of a chronic inflammation, the moDCs viability
was not affected. Instead, when we added 10 uM SFN after inducing the moDCs chronic inflamma-
tion by adding 100 ng/mL LPS, we observed a significant decrease of the moDCs viability respect to
negative and positive controls (Figure S1B). We suggest that under a chronic inflammation, SFN may
act on affected moDCs promoting apoptosis. This is in line with authors who proposed that the phar-
macological induction of apoptosis may lead to entirely new therapies for chronic inflammatory dis-
eases [23,24]. Moreover, Carstensen et al. demonstrated that exposure to an inflammatory environ-
ment maintained over time induces apoptosis in DCs [25], and in our study, this action, could be
enhanced by an anti-inflammatory agent such as SFN.

To further characterize the type of cell death that SFN can trigger on moDCs and LPS-stimulated
moDCs we measured apoptosis (Figure 1A). The results revealed that SFN alone induced cell apop-
tosis increasing doses (data do not show), both early and late apoptosis. Moreover, we observed that
the analysis of the SFN effect in an inflammatory microenvironment induced by LPS indicated that
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SFN induces significant changes in necrosis, and apoptosis on moDCs (Figure 1B and 1C). This could
be related to studies that have shown that in cancer cells with an inflammatory profile, SEN could
induce apoptosis [26]. To confirm these results, we studied the effect of SNF on THP-1 cells, in a non-
and -inflammatory microenvironment by LPS, and the data show that SFN under this inflammatory
microenvironment induces necrosis, and apoptosis on cancer cell line (Figure SI2). Our findings SFN-
induced apoptosis in an inflammatory microenvironment may be a promising strategy for cancer
control.
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Figure 1. Gate strategy followed for flow cytometry analysis, showing necrotic and apoptotic moDCs.
(B) and (C) necrosis and apoptotic percentages on moDCs (N=10) under different experimental con-
ditions. PI: propidium iodide. LPS: lipopolysaccharide (100 ng/mL). SEN: Sulforaphane (10puM). The
bars with symbols represent mean and standard error of percentages of viability, necrosis and apop-
totic on moDCs. Friedman test was used to detect differences in related samples across multiple com-
parisons, representing significant p-values. Wilcoxon test for pairwise comparisons in related sam-
ples, representing significant p-values as *(p<0.05) and ** (p<0.01).
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3.2. Sulforaphane decreases autophagy in inflammatory moDCs.

Autophagy is involved in the tolerogenic and immunogenic functions of DCs depending on the
micro-environment [27]. Increased autophagy was detected in macrophages and DCs upon virus in-
fection [28,29]. However, Blanchet et al. observed that HIV-1 inhibited autophagy in DCs but LPS
increased autophagy [30] LPS-treated DCs under hypoxia increased autophagy promoting DCs sur-
vival [31]. Our results showed a chronic inflammatory environment LPS-induced increased autoph-
agy on moDCs. This is in line with previous studies [30], but SEN (alone) did not alter autophagy.
However, SEN significant decreased the induced-autophagy by LPS (Figure 2). Knowledge about the
involvement of autophagy in DCs has been increasing, [27], however the understanding of the func-
tioning of autophagy in tolerogenic or immunogenic DCs and its interconnection with apoptosis need
a deeper comprehension.

Considering all results, it is tempting to speculate that in an inflammatory profile, as occurs in
cancer pathologies, there are an inhibition of autophagy enhancing SFN-induced apoptosis [26,32].
These findings provide a premise for use of nutraceutical agents for treatment of inflammatory dis-
eases.

3.3. Sulforaphane induces phenotypic changes in inflammatory moDCs

In an inflammatory microenvironment induced by LPS, moDCs can be activated by it. This leads
to changes in the expression of different co-stimulatory markers (CD80, CD86, CD83, HLA-DR and
PD-L1), which promote the immune response and recruit other types of immune cells to the site of
inflammation, as T lymphocytes [33]. Evaluation of LPS-induced maturational phenotypic changes
in the expression of cell surface markers of activation/regulation (CD83 and PD-L1), maturation
(CD80 and CD86), and antigen presentation (HLA-DR) indicated that, compared to SEFN, there was a
significant increase in all markers.
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Figure 2. (A) Histograms represent the mean normalized fluorescence intensity of LC3B under the
different experimental conditions. (B) Fold change of LC3B on moDCs (N=10) under different exper-
imental conditions. LPS: lipopolysaccharide (100ng/mL). SEN: Sulforaphane (10uM). The bars with
symbols represent mean and standard error of fold change. Friedman test was used to detect differ-
ences in related samples across multiple comparisons, representing significant p-values. Wilcoxon
test for pairwise comparisons in related samples, representing significant p-values as*(p<0.05) and **
(p<0.01).


https://doi.org/10.20944/preprints202306.0318.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 June 2023 d0i:10.20944/preprints202306.0318.v1

However, SFN-stimulated moDCs had a down regulation of these markers (Figure 2). This effect
agrees with previous studies in which SFN was shown to inhibit the differentiation of immature to
mature moDCs through down regulation of CD40, CD80, and CD86 expression [34]. In addition, the
analysis of the effect of the SEN in an inflammatory microenvironment induced by LPS indicated that
SFN down-regulated the expression of CD80, CD83, CD86 and PD-L1 compared to LPS (alone) (Fig-
ure 2). Currently, is described that LPS stimulation increase PD-L1 expression in cancer cells [35].

Moreover, ours results indicate that SEN in an inflammatory microenvironment could modulate
the PD-L1 pathway and could provide antitumor effect. Take together present data, it suggested that
SFN showed a protective role in presence of LPS. In fact, SEN inhibit the LPS-stimulated inflamma-
tory response in human monocytes [36]. This capacity to modulate the moDCs phenotype in an in-
flammatory microenvironment, has also been described for other nutraceuticals, such as apigenin
[37].
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Figure 3. Fold change of CD80, CD83, CD86, HLA-DR and PD-L1 on moDCs (N=12) under different
experimental conditions. LPS: lipopolysaccharide (100ng/mL). SFN: Sulforaphane (10uM). The bars
with symbols represent mean and standard error. Friedman test was used to detect differences in
related samples across multiple comparisons, representing significant p-values. Wilcoxon test for
pairwise comparisons in related samples, representing significant p-values as*(p<0.05) and ** (p<0.01).
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3.4. Sulforaphane reduces the Th2 proliferative response under inflammatory microenvironment.

Our findings showed that SFN in an inflammatory environment modulates the moDCs activa-
tion and maturation, suggested that they might be involved in the next steps of the immune response,
where moDCs interact with T lymphocytes. To examine this possibility, we determined the prolifer-
ative response using pre-stimulated homologous moDCs under different experimental conditions.
For this, different subpopulations of T lymphocytes (CD3*CD4*T-, CRTH2*Th2-, CRTH2-Th9- and
Treg-cells) were assayed.

Ours results indicated that SFN independently of the inflammatory microenvironment led to
significantly decreased CD3*CD4+T- and CRTH2*Th2-cell proliferation compared to LPS, while there
are no observed changes in the proliferative responses of the CRTH2-Th9-cells (Figure 4). These re-
sults suggest that the SFN in inflammatory microenvironment induces a reduction of the immune
response type 2. Regarding this, it has been described that SFN suppressed the levels of GATA3 and
IL-4 expression in an asthma animal model, demonstrating the regulation of Th2 immune responses
[38]. However, the proliferative response of Treg-cells was significant increased under the SFN stim-
ulation compared to SEN+LPS. Therefore, the Treg/Th2-cells and Treg/Th9-cells ratios were signifi-
cantly higher in presence of SEN than SFN+LPS, suggesting that SFN display anti-inflammatory fea-
tures and induce a Treg balance such as it has been described for other nutraceuticals [39,40].

Regarding the cytokine profile produced during the proliferative response, the most interesting
results indicated that SFN in the inflammatory microenvironment induced a decrease in the levels of
IL-5, IL-9, IL-13 and IFNy compared to LPS, being only significant for IL-9 and IL-13 (Figure 5A).
These changes that are observed in the levels of inflammatory and proinflammatory cytokines con-
sistent with the ability of SEN to suppress type 2 cytokines in an asthma animal model [38].
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Figure 4. (A) Fold change of percentages of CFSE!*" T-, Th2, Th9 and Treg-cells (N=8) and (B) ratios
of the fold change of Treg/Th2 and Treg/Th9 under different experimental conditions. LPS: lipopoly-
saccharide (100 ng/mL). SFN: Sulforaphane (10uM). The bars with symbols represent mean and
standard error. CFSE, 5,6-carboxyfluorescein diacetate N-succinimidyl ester. Friedman test was used
to detect differences in related samples across multiple comparisons, representing significant p-val-
ues. Wilcoxon test for pairwise comparisons in related samples, representing significant p-values as
*(p<0.05) and ** (p<0.01).
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In addition, we demonstrated that SFN inhibited IFN-vy levels [41], it as has been demonstrated
by other natural substances with anti-inflammatory and/or immunomodulatory activities, such as
curcumin [42] or sanguinarine [43]. Our results indicate that SFN has a potent effect on the inflam-
matory and proinflammatory pattern induced by T-cells. After 1 h of LPS stimulation, SFN signifi-
cantly increased IL-10 production compared to LPS (Figure 5A). Moreover, the IL-4/IL-10, IL-5/IL-10,
IL-9/IL-10 and IL-13/10 ratios were significantly lower in presence of SFN than LPS, suggesting that
SEN display anti-inflammatory feature (Figure 5B). Therefore, that SFN stimulated a stable regula-
tory response under inflammatory condition, as demonstrated by their lower production of pro- and
inflammatory cytokines. Supporting these data, SFN attenuates intestinal inflammation by increasing
IL-10 levels in an animal model [44].

These data suggested that SFN under inflammatory condition has the capacity to modulate the
moDCs and generated a specific immunological response with regulatory immunological pattern
and the suppression of Th2 effector cells.
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Figure 5. (A) Fold change of the concentration for each cytokine (N=9). (B) ratios of the fold change of
IL-4/-, IL-5/-, IL-9/-, IL-13/- and IFN-y/IL-10 under different experimental conditions. LPS: lipopoly-
saccharide (100ng/mL). SEN: Sulforaphane (10uM). The bars with symbols represent mean and stand-
ard error. CFSE, 5,6-carboxyfluorescein diacetate N-succinimidyl ester. Friedman (F) test was used to
detect differences in related samples across multiple comparisons, representing significant p-values.
Wilcoxon test for pairwise comparisons in related samples, representing significant p-values
as*(p<0.05) and ** (p<0.01).
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4. CONCLUSION

The present study shows that SFN exerts protective effects against LPS-induced inflammation
through modulation of moDCs/T-cells. In this regard, SEN interacts with moDCs and can reduce
autophagy and increase apoptosis in the chronic inflammatory microenvironment, as it has been de-
scribed to cancer. Furthermore, under these conditions, SFN reduces the phenotypic marker of
moDCs and the Th2 proliferative response with a reduction of anti-inflammatory cytokines and an
increase of regulatory cytokines profile. Therefore, SFN may be a potential candidate for use in the
treatment of pathologies with an inflammatory profile. Future studies will be necessary to under-
stand the mechanisms underlying the beneficial effects of SFN on the inflammatory process.
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