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Abstract: The dietary isothiocyanate L-sulforaphane (LSF), derived from cruciferous vegetables,
is reported to have several beneficial biological properties, including anti-inflammatory and im-
munomodulatory effects. However, there is limited data on how LSF modulates these effects in
human immune cells. The present study was designed to investigate the immunomodulatory effects
of LSF (10 µM and 50 µM) on peripheral blood mononuclear cell (PBMC) populations and cytokine
secretion in healthy adult volunteers (n = 14), in the presence or absence of bacterial (lipopolysaccha-
ride) and viral (imiquimod) toll-like receptor (TLRs) stimulations. Here, we found that LSF reduced
pro-inflammatory cytokines interleukin (IL)-6, IL-1β, and chemokines monocyte chemoattractant
protein (MCP)-1 irrespective of TLR stimulations. This result was associated with LSF significantly
reducing the proportion of natural killer (NK) cells and monocytes while increasing the proportions
of dendritic cells (DCs), T cells and B cells. We found a novel effect of LSF in relation to reducing
cluster of differentiation (CD) 14+ monocytes while simultaneously increasing monocyte-derived
DCs (moDCs: lineage-Human Leukocyte Antigen-DR isotype (HLA-DR)+CD11blow-high CD11chigh).
LSF was also shown to induce a 3.9-fold increase in the antioxidant response element (ARE) activity in
a human monocyte cell line (THP-1). Our results provide important insights into the immunomodula-
tory effects of LSF, showing in human PBMCs an ability to drive differentiation of monocytes towards
an immature monocyte-derived dendritic cell phenotype with potentially important biological func-
tions. These findings provide insights into the potential role of LSF as a novel immunomodulatory
drug candidate and supports the need for further preclinical and phase I clinical studies.

Keywords: anti-inflammatory effects; cruciferous vegetables; dendritic cells; immune cells; im-
munomodulatory effects; L-sulforaphane; monocytes

1. Introduction

Diet plays a major role in maintaining our immune health, with substantial re-
search demonstrating the health benefits of a fiber-rich diet in reducing the burden of
inflammatory-driven diseases. L-sulforaphane (LSF) is a compound found in cruciferous
vegetables with several beneficial biological properties including antioxidant, chromatin-
modifying, anti-microbial, and anti-inflammatory effects [1–4]. The metabolites of LSF;
LSF-glutathione (LSF-GSH), LSF-cysteine (LSF-cys) and LSF-N-Acetyl-L-cysteine (LSF-
NAC), have also been suggested to exhibit the same biological effects as LSF [5]. Previous
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studies have demonstrated important biological effects of LSF and its metabolites however
there is limited evidence for the immunomodulatory effects in humans.

It is suggested that LSF modulates the immune response by targeting antigen-presenting
cells (APCs), such as monocytes, macrophages, and dendritic cells (DCs). Several lines of
evidence support this. In vitro studies have shown that LSF induces the differentiation
of human monocyte-derived macrophages from a pro-inflammatory M1 phenotype to
an anti-inflammatory M2 phenotype [6]. In contrast, LSF treatment of porcine monocyte-
derived DCs (moDCs) inhibited differentiation into mature moDCs when stimulated with
lipopolysaccharide (LPS), yet increased their phagocytic capacity [7]. In mice, intraperi-
toneal administration of LSF (500 µg/day) over 5 days increased total white blood cell
counts and the phagocytic activity of peritoneal macrophages as well as reducing tumour
necrosis factor (TNF)-α levels induced by LPS stimulation [8]. LSF was found to have direct
effects on tolerogenic DCs in colitis-induced mouse models through activation of adenosine
monophosphate-activated protein kinase (AMPK) [9] and was shown to protect against
prostate cancer in mice through increased interleukin (IL)-12 secretion by DCs, promoting
the infiltration of CD57+ cytotoxic natural killer (NK) cells and CD3+ T cells [10]. In other
studies, impaired alveolar macrophage function from patients with chronic obstructive
pulmonary disease was restored by LSF treatment as shown by increased bacterial phagocy-
tosis [11]. These studies demonstrate that LSF may exhibit promising immunomodulatory
effects through targeting APCs. However, there is limited data in human immune cells for
the effects of LSF.

In this study, we investigated the in vitro immunomodulatory effects of LSF on pe-
ripheral blood mononuclear cells (PBMCs) from healthy adults using a combination of
flow cytometric and cytokine assays.

2. Materials and Methods
2.1. Reagents

The human acute monocytic leukemia cell line (THP-1) cell line was kindly provided
by Dr Adrian Achuthan (Centre for Medical Research, Royal Melbourne Hospital, Mel-
bourne, Victoria, VIC, Australia). LSF was acquired from Sigma-Aldrich (St. Louis, MO,
USA) and its metabolites: LSF-GSH, LSF-cys and LSF-NAc were obtained from Santa Cruz
(Dallas, TX, USA). Lipopolysaccharide (LPS) and imiquimod (IMQ) were acquired from
Jomar Life Research, Scoresby, VIC, Australia. All other study reagents were acquired from
Sigma-Aldrich unless otherwise specified.

2.2. Study Samples

Heparinized blood samples (20 mL) were collected from 14 healthy adult volunteers
(18–50 years old) following written informed consent. This study was approved by the
Royal Children’s Hospital Human Research Ethics Committee (HREC# 36236A).

2.3. PBMC Culture

PBMCs were isolated from whole blood samples by density gradient centrifugation
using Lymphoprep (Alere Technologies AS, Oslo, Norway). 1 × 106 PBMCs/mL in R10
media; RPMI-1640 medium supplemented with 10% fetal bovine serum (Thermo Fisher
Scientific, Waltham, MA, USA), 200 nM L-glutamine, 1000 IU penicillin-streptomycin, were
pre-treated with 10 µM and 50 µM LSF or metabolites (LSF-cys, LSF-GSH, LSF-NAc) for
24 h followed by stimulation with LPS (10 ng/mL) or IMQ (5 mg/mL) for a further 24 h
(n = 14) or were left unstimulated (media only). In separate studies, 1 × 106 PBMCs/mL
were treated with 10 µM and 50 µM LSF for 6 h, 24 h and 48 h without TLR stimulation
(n = 8). A control group with R10 media only (for TLR stimulations) and a dimethyl
sulfoxide (DMSO)-only group was used (for LSF) in each experiment. Cell viability was
measured at these time points using trypan blue exclusion dye. All cultured cells were
maintained at 37 ◦C, 5% CO2. Supernatants were collected and stored at −20 ◦C until
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cytokine/chemokine measurements. PBMCs were harvested and stained immediately for
flow cytometry experiments.

2.4. Flow Cytometry

PBMCs were stained with the Zombie Aqua Flexibility Viability dye (BioLegend, San
Diego, CA, USA) for the live/dead gate for 15 min at room temperature, followed by the
antibodies for (1) TLR stimulation experiments: CD3-PE-Cy7, CD19-APC-H7, CD56-BV421,
CD16-BUV395, HLA-DR-BB515, CD11b-BV605, CD11c-APC (all from Becton Dickinson,
Franklin Lakes, NJ, USA) and CD14-PEDazzle594 (BioLegend); and (2) time-course experi-
ments: a lineage-negative (lin−) cocktail (CD3/CD19/CD20/CD56/CD14/CD16-AF700,
Bio-Rad, Hercules, CA, USA), CD14-PEDazzle594, HLA-DR+-BB515 (Biolegend), CD123-PE
(BioLegend), CD11b-BV605 (Becton Dickinson), CD11c-APC (Becton Dickinson), CD141-
BV711 (Becton Dickinson), CD1c-BV421 (BioLegend) and CD1aPerCP/Cy5.5 (Biolegend)
for 20 min on ice, washed twice and resuspended in flow cytometry buffer (phosphate-
buffered saline (PBS) + 2% fetal bovine serum (FBS)).

All samples were run on an LSR Fortessa X-20 (Becton Dickinson) with a minimum of
100,000 events recorded per sample. All data were analyzed with FlowJo Software v10.7.1
(Ashland, OR, USA).

2.5. Chemokine and Cytokine Measurements

IL-6 and TNF-α were measured using a commercial enzyme-linked immunosorbent
assay (ELISA) kit following the manufacturer’s instructions (R&D Systems, Minneapolis,
MN, USA). Results were measured at an optical density of 450 nm (reference wavelength
630 nm), and concentrations in pg/mL were derived from the standard curve. IL-1β,
IL-10, Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted
(RANTES) and MCP-1 were measured using a multiplex bead array kit according to the
manufacturer’s instructions (Bio-Rad) with results analyzed on a Bio-Plex 200 system
instrument (Bio-Rad) fitted with the Bio-Plex Manager v6 software (Bio-Rad) and results
reported in pg/mL.

2.6. THP-1 Cell Culture

THP-1 cells were maintained with RPMI-1640 media supplemented with 10% Fetal
Bovine Serum, 10 mM HEPEs, 1% Penicillin-streptomycin, at 37 ◦C, 5% CO2. THP-1 cells
(1 × 105 cells/mL) were treated with 10 µM and 50 µM LSF for 6 h, 24 h and 48 h (n = 3).
A control group with R10 media only and a DMSO-only group was used as the vehicle
control group for each experiment. Viability of THP-1 monocytes was measured using
trypan blue exclusion dye at each timepoint.

2.7. Antioxidant Response Element (ARE)-Luciferase Reporter Assay

THP-1 cells (1 × 105 cells/mL) were transfected with ARE construct (pGL4.37; Promega,
Madison, WI, USA) using FuGENE HD transfection reagent (Promega) following the man-
ufacturer’s instructions. Transfected cells were then seeded into a 96-well flat-bottom plate
and incubated for 24 h at 37 ◦C, 5% CO2. After 24 h, 10 µM and 50 µM LSF was added to
the transfected cells and incubated for a further 6 h and 24 h. Cells were lysed in lysis buffer
(Promega) and assessed for ARE-luciferase activity with the use of the Luciferase Reporter
Assay Kit (Promega) and a GloMax 96 Microplate Luminometer (Promega) following the
manufacturer’s instructions.

2.8. Statistical Analysis

Cytokine/chemokine measurements, flow cytometric results, and cell viability of
PBMCs were analyzed using a non-parametric Wilcoxon signed-rank test, and these results
were shown as median ± interquartile range (IQR). This was used to avoid any influence of
outlier results that would be apparent by using statistical tests based on the mean. THP-1
monocyte ARE-luciferase assay and cell viability assays were analyzed using a Student
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T-test, with results shown as mean ± 95% confidence interval (CI). All statistical analyses
were performed using Prism 8 (GraphPad, San Diego, CA, USA). A p-value of less than
0.05 was considered significant in all cases.

3. Results
3.1. LSF and its Metabolites Reduced Chemokines and Cytokines

We first examined whether pre-treatment of PBMCs with LSF or its metabolites (LSF-
cys, LSF-GSH and LSF-NAc) reduced chemokine and cytokine production when stimulated
with a bacterial (LPS) or viral (IMQ) ligand (Figure 1). Following stimulation with LPS
(Figure 1A), 10 µM and 50 µM LSF significantly reduced IL-6 (p < 0.01 and p < 0.001,
respectively) and MCP-1 (p < 0.05 and p < 0.001, respectively). In addition, 50 µM LSF also
significantly reduced IL-1β (p < 0.01) and IL-10 (p < 0.05). For IMQ (Figure 1B), 10 µM and
50 µM LSF elicited a dose-related reduction on IL-6 (p < 0.001 for each dose), IL-1β (p < 0.05
and p < 0.01, respectively), IL-10 (not significant (ns) and p < 0.01 respectively), TNF-α
(p < 0.001 for each dose) and MCP-1 (p < 0.05 and p < 0.01, respectively), but no effect on
RANTES. LSF metabolites (LSF-cys, LSF-GSH and LSF-NAc) at both doses significantly
reduced IL-6 (p < 0.01) after LPS stimulation and IL-10 (p < 0.01 for LSF-cys and LSF-GSH,
and p < 0.05 for LSF-NAc) after IMQ stimulation. LSF-cys and LSF-GSH also reduced
TNF-α (p < 0.05) after LPS stimulation and RANTES (p < 0.01) following LPS or IMQ
stimulation, while only the 10 µM dose of LSF-NAc reduced RANTES (p < 0.01).

Given the more robust effect for LSF on cytokine and chemokine levels compared
with the metabolites, subsequent experiments were focused on LSF only.

3.2. LSF Effects on Immune Cell Phenotype

Next, we examined whether the cytokine responses observed were associated with
changes in immune cell populations using flow cytometry. Following 10 µM LSF treatment,
there was a higher proportion of CD3+ T cells (p < 0.05) (Figure 2B) and a dose-related
increase in CD19+ B cells (p < 0.01) (Figure 2C) compared to the untreated control cells.
At the high dose of 50 µM, LSF significantly reduced CD56+ NK cells (p < 0.01) as well
as reduce CD14+ monocytes (p < 0.01) with increased dose of LSF as compared to the
control groups (Figure 3B). In contrast to the reduced CD14+ monocyte populations, LSF
increased the proportion of HLA-DR+ DCs (p < 0.01) as well as immature moDCs (HLA-
DR+CD11chigh CD11blow-high) by 48 h (p < 0.01). These effects for LSF appeared to be
independent of TLR stimulation since they were also observed in unstimulated cells.

3.3. Immunomodulatory Effects of LSF on DC Populations

Given these effects of LSF on broad DC populations, we next performed detailed
immune phenotyping of specific DC populations induced by LSF over time (6 h, 24 h and
48 h) (Figure 4). Here, we used the markers Lin-HLA-DR+CD11chigh CD123− to identify
moDCs. However, additional markers such as CD1a, CD1c and CD141 did not further
discriminate moDC populations (data not shown). LSF treatment did not affect cell viability,
with PBMCs >90% viable after 48 h (Figure 4A). Consistent with our earlier observations,
LSF significantly reduced CD14+ monocytes at the 50 µM dose after 6 h (p < 0.05), and both
doses at 24 h and 48 h (both p < 0.01) (Figure 4B). This was associated with a significant
increase in total DCs (Lin-HLA-DR+) at 24 h (p < 0.01) and 48 h (p < 0.05) compared to
the control group (Figure 4C). Consistent with our earlier observations, LSF induced a
significant dose-related increase in immature moDCs (Lin-HLA-DR+CD11chigh CD123−)
at all timepoints (Figure 4C). In contrast, 50 µM LSF significantly reduced plasmacytoid
DC (pDC) numbers at all timepoints (p < 0.05) (Figure 4C).
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Figure 1. LSF effect on cytokine and chemokine secretion. Cytokine and chemokine measurements in supernatants from
healthy adult PBMCs (n = 14) following pre-treatment with 10 µM or 50 µM LSF or its metabolites (LSF-cys, LSF-GSH,
LSF-NAc) for 24 h before stimulation with LPS (10 ng/mL) (A) or IMQ (5 mg/mL) (B) for a further 24 h. The medium
control was used as the control group for comparisons with the TLR-stimulated groups; the DMSO control was used
as the vehicle control for comparison with the LSF treatments. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the
respective stimulation controls, assessed by a non-parametric Wilcoxon signed-rank test. The median ± IQR range is
displayed. Legend: • Control, • LPS, • IMQ, • LSF, • LSF-cys, • LSF-GSH, • LSF-NAc (10 µM are open circles and 50 µM
are closed circles).Abbreviation: IL, interleukin; IMQ, imiquimod; IQR, inter-quartile range; LPS, lipopolysaccharide; LSF,
L-sulforaphane; LSF-cys, LSF-cysteine; LSF-GSH, LSF-glutathione; LSF-NAc, LSF-N-Acetyl-L-cysteine; MCP-1, monocyte
chemoattractant protein -1; PBMC, peripheral blood mononuclear cells; RANTES, Regulated upon Activation, Normal T
Cell Expressed and Presumably Secreted; TNF-α, tumour necrosis factor-alpha.
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Figure 2. The effect of LSF on adaptive immune cell populations. Flow cytometric gating strategy (A) and the proportion of
T cells (B) and B cells (C) (n = 9) displayed as a proportion of total lymphocyte populations. The median ± IQR range is
presented. The medium control was used as the control group for comparisons with the TLR-stimulated groups; the DMSO
control was used as the vehicle control for comparison with the LSF treatments. * p < 0.05, ** p < 0.01 compared to the
respective untreated control, with statistical analysis performed using a non-parametric Wilcoxon signed-rank test. Legend:
• Control/LPS/IMQ, 10 µM LSF, • 50 µM LSF, • DMSO. Abbreviation: CD, cluster of differentiation; DMSO, dimethyl
sulfoxide; IMQ, imiquimod; IQR, inter-quartile range; LPS, lipopolysaccharide; LSF, L-sulforaphane; TLR, toll-like receptor.

We also measured chemokine and cytokine levels in PBMC supernatants collected
at 6 h, 24 h and 48 h (Figure 5). Both 10 µM and 50 µM LSF significantly reduced IL-6
(p < 0.05), IL-1β (p < 0.05), IL-10 (p < 0.05) and MCP-1 (p < 0.01) across all timepoints.
RANTES was significantly increased at 24 h and 48 h by 50 µM LSF (p < 0.05, and p < 0.01),
while 10 µM LSF significantly increased in RANTES only after 48 h (p < 0.05). No effect of
LSF was observed for TNF-α.

There was a moderate negative but statistically significant (p < 0.05) correlation
between the frequency of CD14+ cells and total DCs (Figure 6A) as well as immature
moDCs (Figure 6B). No statistical significance was identified between CD14+ and pDCs
(Figure 6C). We also found a moderate correlation between the frequency of CD14+ cells
and RANTES level (* p < 0.05) (Supplementary Figure S1) but not for any of the other
cytokines/chemokines measured.

3.4. LSF Increases Nrf2-ARE Activity in THP-1 Monocytes

We next examined Nrf2-ARE activity in THP-1 monocytes as the basis for these effects
and found that LSF significantly increased Nrf2-ARE activity by 3.9-fold (p < 0.001) after
6 h (Figure 7B), and 1.4-fold after 24 h (Figure 7C) (p < 0.01) compared to the untreated
control group.
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Figure 3. The effect of LSF on innate immune cell populations. Gating strategy (A) and flow
cytometric results (n = 9) are displayed as a proportion of total lymphocyte populations (B). The
median ± IQR is displayed. The medium control was used as the control group for comparisons
with the TLR-stimulated groups; the DMSO control was used as the vehicle control for comparison
with the LSF treatments. * p < 0.05, ** p < 0.01 compared to the respective untreated control using a
non-parametric Wilcoxon signed-rank test. Legend: • Control/LPS/IMQ, 10 µM LSF, • 50 µM LSF,
• DMSO. Abbreviation: CD, cluster of differentiation; DC, dendritic cell, DMSO, dimethyl sulfoxide;
HLA-DR, Human Leukocyte Antigen–DR isotype; IMQ, imiquimod; IQR, inter-quartile range; Lin,
lineage; LPS, lipopolysaccharide; LSF, L-sulforaphane; moDC, monocyte-derived dendritic cell; NK,
natural killer cell; TLR, toll-like receptor.
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Figure 4. LSF effect on monocyte and dendritic cell populations. The effect of 10 µM or 50 µM LSF on DC populations in
healthy adult PBMCs (n = 8) over 6, 24, or 48 h. PBMC viability (n = 8) (A) and flow cytometric results of monocytes (B) and
DC subsets (C) displayed as a proportion of total lymphocyte populations, with the median ± IQR displayed. DMSO
was used as a vehicle control for LSF treatments. * p < 0.05, ** p < 0.01 compared to the untreated DMSO control using a
non-parametric Wilcoxon signed-rank test. Legend: • Control, 10 µM LSF, • 50 µM LSF, • DMSO. Abbreviation: CD,
cluster of differentiation; DC, dendritic cell, DMSO, dimethyl sulfoxide; HLA-DR, Human Leukocyte Antigen – DR isotype;
IQR, inter-quartile range; Lin, lineage; LPS, lipopolysaccharide; LSF, L-sulforaphane; moDC, monocyte-derived dendritic
cell; PBMC, peripheral blood mononuclear cells; pDC, plasmacytoid dendritic cells.

Figure 5. LSF effect on cytokine and chemokine secretion over time. Cytokine and chemokine measurements in supernatants
from healthy adult PBMCs (n = 8) following treatment with 10 µM or 50 µM LSF for 6 h, 24h, or 48 h. The median ± IQR
are displayed. DMSO was used as a vehicle control for LSF treatments. * p < 0.05, ** p < 0.01 compared to the untreated
DMSO control using a non-parametric Wilcoxon signed-rank test. Legend: • Control, 10 µM LSF, • 50 µM LSF, • DMSO.
Abbreviation: DMSO, dimethyl sulfoxide; IL, interleukin; IQR, inter-quartile range; LSF, L-sulforaphane; MCP-1, monocyte
chemoattractant protein-1; RANTES, PBMC, peripheral blood mononuclear cells; Regulated upon Activation, Normal T
Cell Expressed and Presumably Secreted; TNF-α, tumour necrosis factor-alpha.
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Figure 6. Association between reduced CD14+ cells and increased DC populations. Correlation between CD14+ cells and
DC subsets: (A) total DCs, (B) moDCs, and (C) pDCs after 24 h of LSF (10 µM and 50 µM) treatment. Each datapoint is an
individual sample across each of the three groups (n = 8/group). A Pearson’s correlation was performed. Abbreviation:
CD, cluster of differentiation; DC, dendritic cell, LSF, L-sulforaphane; moDC, monocyte-derived dendritic cell; pDC,
plasmacytoid dendritic cells.

Figure 7. The effect of 10 µM or 50 µM LSF on Nrf2-ARE activity in THP-1 monocytes. Cell viability (A) and ARE-luciferase
reporter activity after 6 h (B) and 24 h (C) of LSF treatment are shown. Data was collected as three independent experiments.
The mean ± 95% CI are displayed. DMSO was used a vehicle control for LSF treatments. * p < 0.05, **** p < 0.0001 compared
to the untreated DMSO control cells using the Student’s t-test. Legend: • Control, 10 µM LSF, • 50 µM LSF, • DMSO.
Abbreviation: ARE, antioxidant response element; CI, confidence interval; DMSO; dimethyl sulfoxide; LSF, L-sulforaphane.

4. Discussion

Understanding the health-promoting effects of dietary compounds has broad public
and scientific interest. LSF has gained immense interest for its multifactorial beneficial
effects, particularly the significant clinical utility associated with its anti-inflammatory
effects. Despite this, little is known about the effects of LSF on human immune cell
populations. In this study, we showed that LSF has potent immunomodulatory effects, and
report two key findings: 1) that LSF reduces pro-inflammatory cytokine and chemokine
production in TLR-stimulated PBMCs and 2) we describe for the first time in healthy human
PBMCs that LSF mediates its effects primarily on monocytes and drives their differentiation
into an immature moDC population irrespective of TLR stimulation. Our results have
important implications for the potential use of LSF in a range of clinical applications.

LSF is reported to have anti-inflammatory effects through the inhibition of nuclear
factor kappa Beta (NF-κB), [7,12–14]. In this study, LSF significantly decreased IL-6, IL-10,
IL-1β and MCP-1 following both viral (IMQ) and bacterial (LPS) stimulations, consistent
with previous in vitro and in vivo studies [7,15–17]. The doses of LSF used in this study
were consistent with several previously published reports [7,15,18–20] despite being higher
than levels detected in blood [21–24]. Determining the precise biologically relevant concen-
trations of LSF needed to exert clinical effects in vivo is a critical next step for this research.
However, less is known about these effects for the metabolites of LSF. We found that
LSF metabolites exhibited anti-inflammatory effects by reducing IL-6, TNF-α, IL-10, and
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RANTES after TLR stimulations but overall, this was less robust than what we observed
for LSF.

Interestingly, RANTES was the only chemokine that LSF did not affect following
TLR stimulation, yet LSF increased RANTES in the absence of TLR stimulation. RANTES
is a chemokine that is usually expressed in the late phase immune response following
T-cell activation [25] and not activated through the conventional Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) (JAK/STAT) pathways involving NF-
κB [26,27]. The fact that the metabolites but not LSF were able to reduce RANTES points to
a possible alternative mechanism to explain this. For example, LSF metabolites may be less
effective at targeting Nrf2 or inhibiting NF-kB, although, more detailed investigations are
needed to confirm this result as well as their potential clinical relevance.

A key observation from our study was that LSF reduced the frequency of CD14+

monocytes while simultaneously increasing immature moDCs in the presence and absence
of TLR stimulations. This result was supported by a moderate negative correlation found
between the frequency of CD14+ cells and total DCs as well as immature moDCs after
24h of LSF treatment. One caveat to these findings is that these immature moDCs were
characterized as Lin-CD14-HLA-DR+CD11chigh CD11blow-high, which in the blood are
indistinguishable from myeloid DCs (mDCs) with this phenotype [27]. Additional markers
such as CD1c (mDC1), CD141 (mDC2) and CD1a (moDC) to identify moDCs further
were not informative. However, we believe that these are likely to be moDCs rather
than mDCs since this immature moDC differentiation from monocytes has been reported
elsewhere [28,29]. A similar result in CD14+ enriched cells was reported by Kumar et al. [20],
where they concluded that the increased CD14-HLA-DR+ frequency after LSF treatment
was considered an immature moDC population as they lacked the expression of maturation
markers CD80 and CD83. Although we did not look specifically at the expression of
maturation markers, it is plausible that the increase in DCs population we observed are
immature moDCs [27–29].

To further investigate this LSF effect on monocytes specifically, we measured Nrf2-ARE
activity using a luciferase reporter assay. Nrf2-ARE activation is a hallmark characteristic
of LSF function [2,5,30–32] and is also a crucial component of cell differentiation in various
cell types, such as human hematopoietic stem cells, promyelocytes (HL-60) and monocytes
(U937) [33–35]. Our data provides support to the idea that LSF induces immunomodulatory
effects through activation of Nrf2-ARE, leading to changes in monocyte phenotype and
function towards an immature moDC pathway.

MoDCs are classified as immunogenic (mature) or tolerogenic (immature) [36]. During
infection, moDCs are recruited to the site of inflammation and matured upon TLR stim-
ulation to prompt a pro-inflammatory cytokine/chemokine response, with the secretion
of IL-6, MCP-1, and TNF-α [37,38]. Our data, however, displayed a down-regulation of
these pro-inflammatory cytokines/chemokines irrespective of TLR stimulations. Therefore,
based on our data, we hypothesize that LSF may drive the development of a tolerogenic im-
mature moDC phenotype that possesses immunomodulatory activity [27,38]. This response
is not surprising considering that LSF inhibits NF-κB, and NF-κB activation is required
for DC maturation to an immunogenic phenotype [39,40]. Although tolerogenic moDCs
typically produce IL-10, we did not observe this in our study. There is, however, growing
evidence for the diversity of in vitro formed tolerogenic moDCs phenotypes, including
specific populations that do not secret IL-10 [41].

Immature moDCs are also potent phagocytes, can cross-present antigens, inhibit T
cell proliferation and increase regulatory cells which are crucial for immune tolerance
and protection against autoimmune diseases [36,42–45]. In a study by Qu et al., LSF was
shown to inhibit the maturation of immature porcine-derived moDC while increasing
their phagocytic capacity [7]. In humans, LSF reversed impaired alveolar macrophage
function in chronic obstructive pulmonary disease (COPD) patients by increasing the
phagocytosis of non-typeable Haemophilus influenzae through the up-regulation of the
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Nrf2-ARE pathway [11]. Further investigation of the phagocytic effect of the LSF-induced
immature moDCs would therefore be of great interest.

We also observed significant phenotypic changes following LSF treatment and TLR
stimulations this included a rise in T and B cells. These changes might be due to a rise in
tolerogenic moDCs which can promote an increase in T and B regulatory cells, although
further studies are needed to confirm this [36,42,43]. Furthermore, NK cells and pDC
populations were also significantly decreased following LSF treatment. More intriguing,
however, is that pDC population are a significant source of the anti-viral cytokine IFNα/β
and NK cells are also mediate anti-viral responses [46,47]. Therefore, our data suggests
that LSF may have an impact on reducing anti-viral activity [48] mediated through the
increase of moDCs, although this needs to assessed in relevant in vivo models.

Tolerogenic moDCs-therapies have become an attractive area of research for allergic
diseases, autoimmune diseases, cancer as well as protecting against organ transplantation
rejection [36,45,49]. Thus far, early Phase I/II trials have yielded promising results [50,51].
Current protocols for developing tolerogenic moDCs include stimulating isolated mono-
cytes with IL-4 and granulocyte-macrophage colony-stimulating factor (GM-CSF) [28],
vitamin D3, dexamethasone [41], or IL-10 [52,53]. LSF offers a potential promising alterna-
tive for developing tolerogenic moDC-therapies. Therefore, further functional assessment
of LSF-induced moDCs would add valuable insight into their potential therapeutic impact.

This study has several limitations. Although our study had a relatively small sample
size, the effect size observed for LSF was consistent and significant in the same direction
across different experiments. Although our phenotyping strategy including the use of
moDC specific markers CD1c, CD141, and CD1a was unable to conclusively identify these
populations, our data suggest that this is likely to be immature moDCs based on their
cytokine profiles. We did not assess the phagocytic potential of these immature moDCs as
this was beyond the scope of this study but would be an important part of future work.
Further studies to examine effects on NF-κB pathway or single-cell RNA-seq studies may
be more robust approaches to characterize these immature moDC subsets.

5. Conclusions

Overall, our findings present novel insights into the effects of the dietary-isothiocyanate
LSF on human immune responses. LSF possesses potent immunomodulatory and anti-
inflammatory effects on the phenotype and function of moDC populations that suggest it
could be an attractive therapeutic candidate for immune-mediated conditions. Moreover,
targeting moDCs by LSF might also be a valuable immunotherapy approach but further
research in relevant models is needed.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-664
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